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Chapter 1

Introduction

The scientific method of physics requires us to continuously test our theories against physical observations.
Understanding a physical theory is not fully accomplished by simply writing down its fundamental, govern-
ing equations. In order to test its validity and to fully master and appreciate it, one needs to see it in action,
applied to specific scenarios. This is also quite transparent in the way physics is taught: no physics course
stops at writing down the basic equations, e.g. Newton’s gravitational law or Schrodinger’s equation. In-
stead, the courses turn to specific examples, such as Kepler’s problem and the quantum harmonic oscillator
in order to illustrate the workings of the respective theories and to show that their predictions are indeed in
agreement with physical observations.

The aforementioned pedagogical problems have the appealing property that their solutions can be ob-
tained in closed form analytically, which makes them perfect not just from a pedagogical standpoint, but
also because they provide benchmarks that can be compared against experimental results without much am-
biguity. Unfortunately, the situation is usually not that simple when one considers more complex scenarios,
regardless of being in the classical or quantum realm. This is especially true when one looks at interacting
many-body systems, where the possibly large number of degrees of freedom and the complexity introduced
by the interactions make it generally impossible to derive any exact, closed form results. Instead, one usu-
ally needs to turn to some approximation technique such as perturbation or mean field theory, or resort to
numerics, which also becomes more and more computationally demanding and less and less applicable as
the degrees of freedom increase.

However, there are exceptions to this generic behavior, the most notable one being the class of integrable
models. These are special many-body systems that allow for an analytic treatment. Since integrable models
constitute the main topic of this dissertation, first let us define integrability in a somewhat rigorous way.

The notion of integrability is deeply connected to the existence of conserved quantities. In classical
mechanics, integrability can be defined quite easily and unambiguously: a system with N degrees of freedom
(accordingly with a 2N dimensional phase space), defined by some Hamiltonian function H({q; }n,{pi}n~)
is said to be (Liouville) integrable, if it possesses N constants of motion (including the Hamiltonian itself),

i.e. there are N independent functions F; that have vanishing Poisson brackets with the Hamiltonian function
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and with each other. In this case, the equations of motion governing the time evolution of the system can
be solved by introducing action-angle variables. In the present thesis, we do not study classical models,
therefore from now on we restrict our focus to quantum systems only.

The situation is a bit more complicated in the quantum case. The Hamiltonian function defined on the
phase space is replaced by the Hamiltonian operator H, a Hermitian operator acting on a Hilbert space
‘H. The role of Poisson brackets is then played by the commutators of operators. Simply requiring the
existence of a number of operators that commute with the Hamiltonian, however, does not yield a meaningful
definition of integrability: for every Hermitian operator H, one can define the projectors P, = |n) (n|, where
|n) are the eigenstates of the operator (n = 1,...,dim(?)). Obviously, [H,P,] = 0 for every n. Therefore,
it is essential to stipulate some other requirements about the conserved quantities. In the usual definition of
integrability - and in the one that is used in this dissertation - this extra requirement is locality, meaning that
the conserved quantities (also called charges) must be written as sums of charge density operators that act
non-trivially only locally, at some finite part of the whole system. Mathematically this property is expressed

by the following equation:
Ou = [ dxdale), (L.1)

where Oy is the conserved charge, while gy (x) is its density that acts non-trivially only in a finite segment
around the coordinate x. In (1.1), we assumed that the system lives in continuous space, but the definition
of locality is straightforwardly extended to lattice models as well.

A quantum system is then called integrable, if it possesses extensively many local, conserved charges
that are in involution, i.e. they commute with the Hamiltonian operator and with each other. In the case of
lattice systems, the number of these charges usually scales polynomially with the volume.

Examples of integrable quantum systems include a wide variety of models from a range of different
areas of physics: from condensed matter systems, such as the Heisenberg and Hubbard models, through
non-relativistic quantum gases, like the Lieb-Liniger and Gaudin-Yang models to integrable quantum field
theories, like the sine-Gordon model and to cellular automatons, for example the Rule 54 model, which
attracted considerable research interest in recent years. Moreover, through different mathematical connec-
tions, quantum integrability also closely related to certain two-dimensional classical statistical systems, such
as the six- and eight-vertex models and its formalism even comes up in string theory through the AdS/CFT
correspondence.

As a consequence of the extra conservation laws, integrable systems are said to be exactly solvable. It
is, however, not an easy task to objectively define what amounts as an exact solution. In this dissertation, we
do not intend to dwell on this question, and will basically use the term ,,exactly solvable” as a synonym for
models that are treatable by some form of the Bethe Ansatz techniques. These powerful analytic techniques
enable one to reduce the eigenvalue problem of the time-independent Schrodinger equation, to solving a
system of coupled, non-linear equations (Bethe equations), and to construct the eigenstates and eigenener-
gies of the system in terms of the solutions of these equations (Bethe roots). Moreover, it is also possible

within these frameworks to treat the thermodynamics of integrable systems and even calculate correlation
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functions in equilibrium. The different variants of Bethe Ansatz, used in this dissertation are introduced in
Chapter 3.

Because of the exact solvability, integrable quantum systems provide a unique opportunity to gain in-
sights into physical phenomena that otherwise might be inaccessible in generic systems. Furthermore, even
though integrability usually requires a precise fine tuning, thanks to the experimental developments wit-
nessed in recent times, integrable models can be experimentally realized and the analytic solutions can be
tested. In light of all this, it might not be surprising that quantum integrability has been an active research
area for almost a century now.

The study of integrable quantum systems dates back to the birth of quantum mechanics itself. The
(isotropic) Heisenberg model, which is one of the most studied examples of an integrable quantum system
was introduced by Heisenberg to explain the microscopic origins of magnetism in 1928 [1]. The model was
later solved by Bethe [2] in 1931, who used his famous ansatz that nowadays bears his name. Bethe’s result
comprised the first exact solution of an interacting many-body quantum system, and later served as a guide
to tackle other integrable models as well, such as the one-dimensional Bose gas with delta interaction, solved
by Lieb and Liniger [3] and the XXZ Heisenberg model, solved by Yang and Yang [4]. Later, Yang and
Yang were also able to extend the technique to infinite systems to describe the thermodynamics of integrable
models [5].

At the same time, the understanding of integrable systems also greatly benefited from the study of
certain two-dimensional classical statistical mechanical models, namely the six- and eight-vertex models.
The former was solved by Lieb [6—8] and Sutherland [9] by using the transfer matrix technique introduced
earlier by Onsager in his famous solution of the square lattice Ising model [10], while the latter was worked
out by Baxter [11]. Through these solutions, it was observed that the transfer matrices of the six- and eight-
vertex models commute with the Hamiltonians of the XXZ and XYZ Heisenberg models, respectively.
This connection was finally understood within the unifying framework of the Quantum Inverse Scattering
Method (QISM) that was developed in the 70’s by the Leningrad group [12]. This framework made possible
the systematic investigation of integrable models through the Yang-Baxter equation and the connection
to quantum groups, while at the same time being able to recover previously obtained results through the
introduction of the algebraic Bethe Ansatz. These tools proved to be extremely powerful to describe the
equilibrium physics of integrable systems, even allowing to exactly calculate correlation functions and mean
values of certain local operators.

In the last two decades, the interest in studying integrable models has renewed. This revived research
activity was in big part propelled by the developments that took place in experimental techniques, such
as cold atom experiments [13, 14]. These improvements made it possible to realize and investigate the
out-of-equilibrium dynamics of (almost completely) closed quantum systems. Consequently, considerable
effort was put into work from the theoretical side to explain the observed phenomena. During this work, it
became evident that integrable models equilibrate fundamentally differently compared to generic systems.

The research endeavor culminated in the establishment of the frameworks of Generalized Gibbs Ensembles



and Generalized Hydrodynamics, which are introduced in more detail in the next chapter.

The results discussed in the present dissertation fit into the line of research outlined above. On the
one hand, they contribute to the general understanding of integrable quantum systems and to the broad
topic of equilibrium correlation functions. They have, however, a more immediate connection to the out-of-
equilibrium dynamics and relaxation properties of integrable models as well. Thus, it is necessary to discuss
the topic of equilibration in more detail, in order to motivate our work and put it into context. This is done

in the next chapter.



Chapter 2

Equilibration in many-body quantum
systems

When dealing with physical systems that consist of macroscopically large numbers of degrees of free-
dom, describing the dynamics by the microscopic laws of physics (i.e. Newton’s laws in the classical or
Schrodinger’s equation in the quantum case) becomes computationally intractable. The phenomenological
laws of thermodynamics offer a way to deal with the macroscopic, measurable properties of such systems,

however, without any considerations about the underlying microscopics. In the second half of the 19"

cen-
tury, statistical physics was developed to fill this gap and to put thermodynamics on a firmer foundation.
It was able to recover and explain the empirical formulae of thermodynamics starting from the motion of
the constituent particles of the system by applying statistical methods. Most notably, statistical physics
introduced the concept of statistical ensembles, which provide an effective means to explain and describe
the equilibrium behaviour of systems by using the equivalence between time and ensemble averages. The
theoretical justification of this equivalence, however, is far from trivial and has constituted for decades (and
does so till this day) a prominent field of research.

In the case of generic classical systems, the emergence of the statistical description is quite well under-
stood: due to the chaotic nature of the dynamics, the system explores all of its phase space (or at least the
regions allowed by the possibly present, few conserved quantities) and this ergodicity allows one to calculate
the long time averages of physical quantities by taking averages over the appropriate ensemble.

With the advent of quantum mechanics, statistical physical notions were successfully extended to quan-
tum systems as well. However, giving a solid theoretical justification for the use of statistical ensembles
posed a challenge in the quantum case: when considering an isolated quantum system, its time evolution is
described by the time-dependent Schrédinger equation, which is completely unitary. As a result, a system
initialized in a pure state, will remain in a pure state for all times. In contrast, thermal equilibrium in the
statistical description is characterized by the Gibbs ensemble, whose density matrix is inherently mixed,
leading to a seemingly insoluble contradiction.

In this chapter, we first present the main ideas behind how this problem was remedied for generic closed
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quantum systems by the introduction of the Eigenstate Thermalization Hypothesis (ETH), before discussing
some scenarios where ETH is violated and turning our attention to the main topic of this dissertation, in-
tegrable systems. Integrable models do not follow ETH and don’t thermalize in the usual sense. Their
equilibration and transport properties can be described instead by the Generalized Gibbs Ensembles (GGE)
and Generalized Hydrodynamics (GHD), respectively, which are introduced here.

2.1 Thermalization in generic closed quantum systems

To better understand the key features of thermalization in closed quantum systems, one can consider a sim-
ple, but quite general scenario provided by the so-called quantum quench protocol. In (global) quantum
quenches, the isolated system in question is prepared in some initial pure state |¥)) (often chosen as the
ground state of some pre-quench Hamiltonian Hy) and than time-evolved with the (post-quench) Hamilto-

nian of the system, denoted by H, of which |yyp) is not an eigenstate:
W(t) = e " ). 2.1)

This protocol has many advantageous properties: on the one hand, it introduces an extensive amount of
energy (or finite energy density) into the system and takes it far out-of-equilibrium. On the other hand,
it is also an experimentally realizable set up enabling one to compare theoretical calculations to actual
measurements.

Since the Hamiltonian is a Hermitian operator, the time-evolution (2.1) is unitary, thus the state of the
system remains pure at all times. On the other hand, a thermal state described by the Gibbs ensemble is

characterized by a mixed state, given by the density operator

1 _
= —e¢
V4

A

pos =3¢ P =S Lo B ol @2
with Z =Y, exp(—BE,) being the partition function, 3 the inverse temperature and |n), E, the eigenstates
and eigenenergies of the system.

Subsequently, we cannot expect to witness the emergence of a thermal state described by a statistical
mechanical ensemble, in terms of density matrices of the whole system. Instead, we can adopt an other point
of view by focusing on local observables, rather than the system as a whole. By taking up this perspective,
we can hope to observe thermalization in terms of the expectation values of these observables. This shift in
perspective is justified by the fact that experimental setups that probe thermalization do not have access to
the density matrix itself, but only to a set of observables.

Accordingly, we consider a local operator O and study its expectation value during the time-evolution.

If we expand the state (2.1) as |¥(t)) = ¥, cne”"En |n), with ¢, = (n|¥), the time-dependent expectation
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value of O reads as:

<@(t)> (P(1)|O¥(r) chcme #En=En) (m|O|n) . (2.3)

From the point of view of the local observable O, thermalization of the system would mean that the long-
time average of <@(t)> coincides with the prediction of the Gibbs ensemble, and that the instantaneous
values of <@(t)> remain close to this equilibrium value.

Assuming a generic Hamiltonian whose spectrum does not contain a vast number of degeneracies, long
time-averaging in the thermodynamic limit leads to the cancellation of the off-diagonal terms and reduces

(2.3) to the so-called diagonal ensemble:

T

T“BL% [ (00)dt =L leuP (Ol 2.4)
To explain how thermalization occurs in closed quantum systems, one then needs to understand how the
diagonal ensemble can produce the same expectation values as the thermal Gibbs ensemble. To this end, in
the works [15, 16], the so-called Eigenstate Thermalization Hypothesis was introduced.

Crudely speaking, ETH encapsulates the following idea: every eingenstate of the Hamiltonian carries
implicitly in itself a thermal state, but this thermal state is initially hidden by the coherence of the eigenstates.
Due to the dephasing that takes place through the time evolution, the thermal state reveals itself. (This is
a fundamentally different process compared to the classical case, where the initial state evolves ergodically
through the phase space to become a thermal one. Here, the initial state usually does not resemble the
thermal state at all.)

Mathematically more precisely, ETH assumes the following form for the matrix elements of local ob-
servables:

O = O(E) 8 + ¢ 5F) fo (E, @) Ry, 2.5)

where E = (E, + E,;,)/2, ® = E, — E,, S is the entropy and the functions O(E), fo(E,®) are smooth
functions of their arguments, while R, are random variables with zero mean and unit variance. Moreover,
the function O(E) is such that its value coincides with the (micro)canonical (with energy E) expectation
value of O. The ansatz (2.5) basically means that all eigenstates with energies close to each other have
almost the same expectation values for local observables.

For operators for which the ETH (2.5) is satisfied, thermalization to the appropriate Gibbs ensemble
value is then guaranteed, given that the initial state has a narrow energy distribution. To verify this, one
only needs to substitute the ETH ansatz (2.5) into equation (2.4). Moreover, it can also be shown (see for
example [17]) that the fluctuations around the equilibrium value remain exponentially small in the system
size.

The ETH provides a mechanism to understand the thermalization processes of generic closed quantum
systems and to recover the predictions of statistical mechanics in these systems. It has been verified numer-

ically in various different settings, such as hard- and soft-core bosons on a lattice [18, 19], interacting spin
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chains [20], interacting fermionic systems [21, 22] and the two-dimensional, transverse field Ising model

[23] (also, for a more thorough review of the topic, see [17]).

2.1.1 ETH breaking

As it is clear from its name, ETH is a hypothesis and not a proven theorem with well-defined conditions for
it to hold. Therefore, it is important to study the boundaries of its validity and ask the question: what are the
possible scenarios to break ETH (and with it, thermalization) in closed quantum systems?

In the course of decades of research, numerous examples were found, where ETH is violated. The origin

of ETH breaking in these examples can be mostly attributed to four different mechanisms:

* Quantum integrability: Probably the most studied and well-understood class of models that break
the usual mechanism of thermalization outlined above, consists of the one-dimensional, integrable
quantum systems [12, 24]. As we already pointed out in the Introduction, these are models with extra
(extensively many) conservation laws. The existence of these additional conserved quantities lead to
ergodicity breaking. Since integrable models are in the main focus of this dissertation, we discuss

their equilibration in more detail in the next section.

* Hilbert space fragmentation: Another, more recently discovered form of thermalization breaking is
the so-called Hilbert space fragmentation. The expression refers to the phenomenon when the Hilbert
space of the system in question splits up to an exponentially large number of distinct sectors between
which the Hamiltonian of the model has no transition matrix elements. Moreover, it is required
that these sectors should be easily constructed by simple rules, without needing to solve the model.
(Obviously, once the eigenvalue problem of the model is solved and the Hamiltonian is diagonalized,

the Hilbert space is decomposed to dim(#) sectors, regardless of the properties of the system.)

A mathematically more well-defined and rigorous definition of Hilbert space fragmentation was put
forward in the work [25], where it was classified as the case when the dimension of the commutant
algebra (the set of all operators that commute with each term of the Hamiltonian of the system) grows

exponentially with the system size.

The phenomenon was first observed in [26], where it arose as a result of simultaneous charge and
dipole conservation. In later chapters, we introduce and investigate a spin chain model that exhibits
Hilbert space fragmentation. We demonstrate the effects of Hilbert space fragmentation on equilibra-

tion in this model.

* Quantum many-body scars: Besides Hilbert space fragmentation, another recently heavily studied
form of ETH breaking is QMBS, which describes a weak breaking of ETH. This means that in this
case there are only finitely many (in the thermodynamic limit given by a zero-measure set) excep-

tional states in the spectrum that do not follow the predictions of ETH and have significantly different
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properties, compered to thermal states with similar energy densities. The phenomenon was first dis-
covered independently in experiments with Rydberg atoms [27] and theoretically by investigating the
so-called AKLT spin-1 model [28]. In this dissertation, we will not study QMBS, for more details on

the topic, see the reviews [29, 30] and the references therein.

* Many-body localization: MBL — the extension of Anderson localization [31] to interacting many-body
systems — constitutes an other mechanism of ETH breaking, where the interplay between interaction
and disorder hinders thermalization. The key characteristic of many-body localized systems is the
presence of localized eigenstates, where particles become confined to specific regions rather than
spreading throughout the entire system. As a result, the system retains memory of its initial conditions
and does not exhibit the typical relaxation to thermal equilibrium. Again, MBL is not discussed further

in this dissertation, for an extensive review on the subject, we refer to [32, 33].

2.2 Integrable systems

Thanks to the large number of conserved quantities possessed by integrable quantum models, their out-of-
equilibrium dynamics fundamentally differs from those of generic systems. In recent years, to a great extent
propelled by experimental developments, equilibration and transport in these integrable models were in the
forefront of research. As a result, today we have well established frameworks to describe these phenomena
in the form of the Generalized Gibbs Ensembles and the Generalized Hydrodynamics, respectively. Since
most of our results discussed in the present dissertation are connected to the aforementioned concepts, here

we briefly introduce them only to the extent that is necessary to put our work into context.

2.2.1 Generalized Gibbs Ensemble

Thermalization to a Gibbs ensemble through the mechanism encompassed by ETH falls short when it comes
to describing the late time behaviour of integrable quantum systems. As it was first shown experimentally
in the now famous quantum Newton’s cradle experiment [34], integrable models do not thermalize in the
usual sense, due to the restrictions imposed by the extra conservation laws.

To capture their equilibration process, one needs to extend the concept of Gibbs ensemble by considering
entropy maximized states with the constraints of conserved quantities kept in mind. This construction leads
to the introduction of the Generalized Gibbs Ensemble (GGE) [35, 36]. The density operator of a GGE state
is given by

pcGeE = ;Za:e‘ﬁ'x@“, (2.6)

where Q, are the conserved charges of the model and B, are the corresponding Lagrange multipliers/generalized
inverse temperatures whose values are set by the initial values of the charges, (¥|Qq|%0).
The inclusion of the conserved charges in the density operator and the appearance of the summation in

(2.6) pose the question: what are the relevant charges that one needs to take into account in order to properly
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describe the equilibrium state of an integrable model? This is a non-trivial question, since as it turns out
simply including all the local conserved charges in (2.6) is not enough [37, 38]. To obtain a sufficient
description, one needs to extend the summation to the so-called quasi-local charges [39, 40]. These are
constants of motion with densities that, instead of a finite range, have infinite support, but with coefficients
that decrease exponentially quickly with distance. Similarly to the local charges, there are extensively many
quasi-local ones, with their number scaling polynomially with the system size. Their inclusion is necessary
to build GGEs that correctly reproduce the equilibrium states of integrable systems [40, 41].

Just like the concept of the GGE is a generalization of the usual Gibbs ensemble to the case of extensively
many conservation laws, ETH also can be extended to provide a mechanism that explains the equilibration
to GGE states. This extension is the so-called generalized Eigenstate Thermalization Hypothesis (GETH)
[42], which postulates a similar form for the matrix elements of physical observables as ETH does in (2.5).
The fundamental difference is, however, that in the GETH the diagonal matrix elements are not only smooth
functions of the energy, but rather all conserved charges. This modification guarantees that the expectation
values of local observables equilibrate to the appropriate GGE values, in exactly the same way as ETH does
for generic non-integrable systems.

It is worth mentioning that GGEs not only play an important role in the case of fine-tuned, exactly
integrable systems, but also in the vicinity of integrability. Models close to being integrable exhibit pre-
thermalization [43, 44]: during their equilibration process, they first approach a GGE state on an intermedi-

ate time-scale, before thermalizing to a Gibbs state.

2.2.2 Generalized Hydrodynamics

The equilibration of integrable systems following homogeneous quenches is well understood within the
framework of generalized Gibbs Ensembles. However, the situation changes if one considers the out-of-
equilibrium dynamics in a setup that breaks translational invariance. A paradigmatic example of such a
scenario is the so-called Riemann problem of hydrodynamics or bipartitioning protocol, in which the physi-
cal system in question is split into two halves, which are initially prepared to be in two different equilibrium
states. Then the two halves are connected together and let evolve under the time-evolution dictated by the
Hamiltonian operator of the system. Due to the conservation laws and ballistic transport of charges, the im-
balance built in the initial state will lead to the emergence of a non-equilibrium steady state (NESS) for long
times. The characteristic trait of this NESS is the existence of constant currents that transport the conserved
quantities ballistically, from one half of the system to the other.

To analyze an inhomogeneous setup like the one described above in a generic (non-integrable) model,
hydrodynamics [45] presents an old and well-established framework. Hydrodynamics is a powerful emer-
gent theory that can describe the dynamics of complex many-body systems by reducing the number of
relevant degrees of freedom through coarse graining. It divides the system in question into mesoscopic
fluid cells that are small compared to the macroscopic sizes of the whole system, but still large enough in

comparison to the microscopic scale. By assuming local thermalization/entropy maximization in these fluid
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cells and taking into account the few conserved quantities present in a generic model, one can derive hydro-
dynamic equations (Euler, Navier-Stokes) for the relevant degrees of freedom. Since its creation as a theory
of fluid dynamics, hydrodynamics was successfully applied in several different fields, such as condensed
matter and high energy physics.

However, conventional hydrodynamics (which only builds on the existence of the conservation of en-
ergy, momentum and particle number) cannot capture the transport properties of an integrable system. To
overcome this problem, in the seminal works [46, 47] the so-called Generalized Hydrodynamics (GHD)
was introduced. The main idea behind GHD is to combine the hydrodynamic separation of scales with the
machinery of the (thermodynamic) Bethe Ansatz in order to give a quantitative description of the large scale
transport properties of integrable systems. In summary, GHD extends the principles of hydrodynamics to the
realm of integrable quantum systems, utilizing the concept of quasi-particle excitations and the Generalized
Gibbs Ensemble to describe the macroscopic behavior of these unique quantum systems in inhomogeneous
settings.

Since in the rest of the dissertation, we will mainly consider systems of finite volume, the usual (coordi-
nate/algebraic) Bethe Ansatz technique is introduced in the next chapter. In order to give an introduction to
GHD, however, we need to use the language of the thermodynamic Bethe Ansatz (TBA). Here we restrict
ourselves to a minimal discussion of both the TBA and GHD, which is enough for us to motivate the work
that is presented in the later chapters.

As we shall see in the next chapter, states of integrable quantum systems are characterized by long-
lived quasi-particles. These particles have well-defined quasi-momenta which are described by the so-called
Bethe roots, a set of complex parameters that satisfy a set of coupled, non-linear equations. When dealing
with macroscopic systems, one can take the thermodynamic limit and can introduce the root density p(1)!,
instead of the set of Bethe roots. In equilibrium, the mean values of the conserved charges of the system

then can be computed using this root density according to
(Qa) = / qa(A)p(A)dA, @.7)

where g4 (A) is the one-particle eigenvalue corresponding to the charge Oq.

GHD exploits the hydrodynamic separation of spatial and temporal scales: it assumes that the system can
be divided into mesoscopic fluid cells that are much smaller than the characteristic sizes of the macroscopic
transport processes but still contain large numbers of particles and that each cell equilibrates to local entropy
maximized states in a time-frame much shorter than the characteristic time-scales of the transport. Due to
the integrability of the system, the local equilibrium states can be described by local GGEs, which are in
turn uniquely characterized by the values of the (quasi) local charges, or equivalently by the root density
p(A) [48, 49]. Accordingly, the function p(A) acquires space and time dependence, and the relation (2.7)
becomes valid in each fluid cell individually.

IFor simplicity, we assume that the system in question supports only one particle type. All of our considerations are trivially
extended to models with multiple particle types present.
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Due to the conservation of the charges, there exist current operators corresponding to each charge oper-

ator that together satisfy a continuity equation:
até]\(x(x’t)—f_axf(x(x’t) :Ov (28)

where g, and Jy, are the charge and current density operators, respectively.

The main goal of GHD is to derive hydrodynamic equations for the root density. To this end, one consid-
ers the expectation value of the continuity equation (2.8). A crucial step in the derivation is the calculation
of the mean values of the current operators, for which a semi-classical expression was put forward in the

works [46, 47]:

(a) = [ @) (R)p(2)a2, 29)

where v*f(1) is an effective velocity that describes the motion of quasi-particles in the sea of other quasi-
particles by taking into account the interactions between them. The form (2.9) was proven in [46] for the
case of integrable quantum field theories (iQFT), however, for lattice models a rigorous proof was missing
for some time. One of the main results of the present thesis is the mathematically sound derivation of (2.9)
in finite volume spin chain models. These results are presented in Chapters 4 and 5.

Based on the continuity equation (2.8) and the expressions for the charge (2.7) and current (2.9) mean
values, a hydrodynamic equation for the root density p(A) can be derived, which in the first, ballistic order
reads as

Pt (A) + 0y [prs ANET (L) | = 0. (2.10)

In the original papers [46, 47], the framework summarized above was used to treat the bi-partitioning pro-
tocol in the sinh-Gordon and XXZ Heisenberg models, respectively. Since then, GHD has been developed
and applied to various different scenarios in a multitude of works, most notably its predictions were verified
in experimental setups [50-52]. Instead of attempting to give a comprehensive picture of the framework,
here we only sketched it in its simplest form in order to point out the motivations behind our work that is
presented in the later chapters. Nevertheless, for (much) more details on GHD, we refer to the contributions

of the special issue [53], while for a more pedagogical introduction, see [54].

The results discussed in this dissertation are connected to the aforementioned topics of out-of-equilibrium
dynamics of integrable systems at several points: after presenting a review of the analytic tools, required to
treat one-dimensional quantum integrable models in Chapter 3, in Chapters 4 and 5 the current operators
of the XXZ and XYZ models are studied. An exact formula for the mean values of the current operators
are derived in finite volume, which can be interpreted as the finite size version of the expression (2.9). As
such, the current mean value formulae of Chapters 4 and 5 serve as a mathematically rigorous justification
of equation (2.9), and as a theoretical foundation of one of the assumptions of GHD.

In the second half of the dissertation, in Chapters 6 and 8 two different one-dimensional, integrable spin

models are introduced and investigated, their solutions by means of coordinate Bethe Ansatz are obtained.
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The two models share the common property that their scattering phases are really simple functions of the
quasi-momenta. As a result, the Bethe equations and the structure of the Bethe roots also massively simplify
in these models. This simplification gives hope to calculate the exact out-of-equilibrium time evolution in
certain situations, making these models good candidates to verify the predictions of GHD, starting from the
microscopic equations of motion.

Moreover, the model of Chapter 6 (together with its non-integrable extension) exhibits Hilbert space
fragmentation. As a consequence, thermalization in the usual sense breaks down in this model, and persistent
oscillations can be observed following certain quench protocols. This phenomenon is investigated, using

mostly numerical tools in Chapter 7.



Chapter 3

Elements of quantum integrability

One-dimensional integrable quantum models form a special class among many-body systems. Their defining
property, the existence of a large number of conserved, extensive charges constrains their dynamics, and
leads to the formation of stable quasi-particle excitations and to the factorization of scatterings between
those particles. As a result, integrable models are exactly solvable. Here exact solvability means that
the usual quantum mechanical eigenvalue problem can be reduced to solving a system of coupled, non-
linear equations. Once the solutions of this system of equations, the so-called Bethe roots are known, the
eigenenergies and eigenstates of the models can be constructed analytically.

In this chapter, we introduce the main tools that are necessary to construct these analytic solutions and
are used in the rest of the dissertation to treat integrable systems. First, in Section 3.1, we define the most
paradigmatic model among integrable lattice systems, the Heisenberg spin-1/2 chain. This model will both
serve as an example to illustrate the use of the Bethe Ansatz techniques in this chapter, and will also be the
main topic of Chapters 4 and 5. In Section 3.2 the coordinate Bethe Ansatz technique is summarized. In
Section 3.3, we review the basic elements of the Quantum Inverse Scattering Method, the construction of
the conserved charges and algebraic Bethe Ansatz. Here generic U (1) symmetric integrable models without
internal degrees of freedom are considered, but explicit formulae for the Heisenberg spin chains are also
given. Finally, in Subsection 3.3.3 a generalization of the algebraic Bethe Ansatz is presented, which is used

to solve the non U(1) symmetric XYZ model.

3.1 Heisenberg model

One of the most fundamental and well-studied integrable systems is the spin-1/2 Heisenberg model. It
describes nearest-neighbor interacting spin-1/2 particles along a one-dimensional chain (for a schematic

depiction see Fig. 3.1). For a finite volume L, the Hamiltonian of the model acts on the 2L dimensional

14
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Hilbert space H = ®§:1 C?, and (in the most general form) reads as:
L )
H=Y [fxc}‘ﬁfﬂ +J,0/0}, +J.0i07, | +hoj|. 3.1)
j=1

Here GJ‘-" is the " Pauli matrix, acting on site j:

0/=1®---91® % ®1®--®1 (a=x,y,2), (3.2)

Jjth site

while J, € R, (@ = x,Yy,z) are the anisotropy parameters of the model and 4 is a magnetic field. Throughout
the dissertation (if otherwise not stated) we consider the model (and also other models that are treated later

in this thesis) with periodic boundary condition:
o =of. (3.3)

Moreover, we mainly restrict ourselves to the case of zero magnetic field, 7 = 0.
In the isotropic case (Jy = J, = J, = —J), the Hamiltonian (3.1) (without magnetic field) reduces to the

form:

L
H=-JY oo}, +0)0),, +0i0%,,]. (3.4)
=1

which is the so-called XXX model. The only role of the parameter J in the Hamiltonian (3.4) is to set
the energy scale, however, its sign is relevant: J > 0 (J < 0) results in a ferromagnetic (antiferromagnetic)
ground state. Nevertheless, for our purposes this distinction is not important, and in the following, we

consider simply the Hamiltonian

L
HXXX = Z |:G;G;+1 + G;}G;-H + G;G;Jrl - ]l:| ) (35)
j=1

where the identity operator was introduced for later convenience. The XXX model has full SU(2) symmetry,

the Hamiltonian commutes with the full spin operator S:

1

L L
[H* .8 =0,  with  ($),=) 8 =5) of. (3.6)
=1 =1

N |

The XXX model was first introduced by Heisenberg [1] only a few years after the formulation of quan-
tum mechanics, in order to describe the microscopic origins of ferromagnetism. The eigenenergies and
eigenstates of the Hamiltonian were obtained later by Bethe in [2], by means of his famous technique, now
known as (coordinate) Bethe Ansatz. This result constituted the first exact solution of an interacting quantum

many-body system, and served as a starting point for the study of integrable models in the coming decades.
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Introducing an anisotropy in the z-direction (J, = J, = —J and —J;/J = A) leads to the so-called XXZ

model

L
Z[ [0 +0]0], +A0j0], | (3.7)

Again, the parameter J sets the overall energy scale, and together with the anisotropy parameter A deter-
mines the ground state properties: while J aligns spins in the x —y plane (ferromagneticly for J > 0, and
antiferromagneticly for J < 0), as a competing term, A prefers order along the z-axis. However, because of
symmetry reasons, the J < 0 case can be reached from the J > 0 case by rotating every other spins along the
z-axis by 7w and changing the sign of A. Therefore, we can assume that J > 0. In this case, there are three
phases of the model: for A > 1 (A < —1), the systems is a gapped (anti)ferromagnet, while for |[A| < 1, it is
a gapless paramagnet. Still, most of our considerations apply all the same to all phases, and in the following

we treat the Hamiltonian

L
HYZ Y [o ol +0)0),, +A(cicl,, —1)|. (3.8)

=1
As a result of the anisotropy, the SU(2) symmetry breaks down to U(1) symmetry, and the Hamiltonian of

the system commutes with the z-component of the total spin:

l\) \

L L

[HXXZ §9 =0, with ~ § = Z Z (3.9)
j=1 j=1

This symmetry breaking, however, does not render Bethe’s solution of the XXX model useless: it can be

generalized, as it was shown by Yang and Yang in [4].
Finally, in the most general case (Jx # Jy, J, # J;, Jy # J;), we arrive at the XYZ model:

L
HXYZ _ Z"l [J 0;07,1 +Jy0; GJ+1 +J.0;0 ]+1} (3.10)

j=
The phase diagram of the XYZ model is more complex, therefore we do not discuss it here, a detailed
presentation on the topic can be found in [55, 56]. Due to the full anisotropy, the system no longer has U (1)
symmetry, which leads to the break-down of usual integrable techniques and makes it considerably harder
to obtain eigenenergies and eigenstates. It is also important to note that while the XXX and XXZ models
are integrable for arbitrary values of the magnetic field A, the XYZ model is only integrable at the point
h = 0. The eigenvalue problem of the XYZ model was first solved by Baxter, using its connection to the

eight-vertex model [11].
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Figure 3.1: Schematic depiction of a finite-size spin chain with periodic boundary condition.

3.2 Coordinate Bethe Ansatz

Bethe constructed the eigenstates of the XXX model using his ingenious ansatz [2], assuming a particu-
lar functional form for the wave function. Nowadays, this method is called the coordinate Bethe Ansatz
(CBA), in order to distinguish it from the so-called algebraic Bethe Ansatz (ABA), discussed in the next
section. Here, we review the main steps of the CBA construction. The main ideas behind this construction
are presented rather general, applicable to other U(1) symmetric integrable systems as well, but explicit
expressions for the XXX and XXZ models are also given. For more detailed, pedagogical discussions on
the topic, see for example [57, 58].

As it was already pointed out, both the XXX and XXZ Hamiltonians commute with the z-component of
the total spin. Therefore H and $¢ share the same eigenstates, and it is enough to diagonalize the Hamiltoni-
ans in the invariant subspaces of S¢, characterized by the magnetization quantum number S°. Let’s introduce

the notation |1) /|{) for the basis state with up/down spin at the local Hilbert space C?:

o’'lhy=1I1), o lhh=-), MMm=dh=1 () =0 (3.11)
Then the states
|o1,02,...,00) =|01)®|0) ®---®|oL), with o=/, j=12,....L (3.12)

form an orthonormal basis in the tensor product Hilbert space H = ® 1(C2 Obviously, the subspace with

§¢ = L/2 is one-dimensional and contains only the state:

0) = 1. 1). (3.13)

It is easy to check that the state |0) is an eigenstate both of the XXX and XXZ Hamiltonians (3.5) and
(3.8), with eigenvalue zero. To construct the eigenstates in the other subspaces, |0) is used as a reference

state/pseudo-vacuum. We denote the state with N down spins at sites xi, xp,..., Xy as

N
IxX1,%2,...,%8) = HGX; |0). (3.14)
j=1



3.2. COORDINATE BETHE ANSATZ 18

Here we introduced the spin lowering operator 6~ = (0* —i0”) /2 (and similarly 6™ = (6*+ic”)/2). Then
the subspace with §¢ = L/2 — N is spanned by the (1%/) states of the form (3.14) with N downspins. Since
the number N is a conserved quantity, we can regard the downspins as particles. In the subspace with N

particles, we can look for the eigenstates of the Hamiltonian as:

|¥) = Z X(x1,2x0, XN ) X1, %2,y xN) - (3.15)

1<y << <xy<L

Following Bethe’s inventive idea, we can assume a particular form for the coefficients x (xi,...,xy):

N
X(xix2,.. )= Y, |exp (injpc_,) I1 Spoi.ps;) | - (3.16)
j=1

oeSy j<k
G;>0y

Here ¢ € Sy runs over the N! number of permutations of the integers 1,2,...,N, {p,-}?"z1 are the (yet
undetermined) quasi-momenta and S(p;, px) is the two particle scattering amplitude, which is a pure phase.
From a physical point of view, each term in the wave function (3.16) represents a superposition of plane
waves with a particular particle ordering. The fact that the relative phases of these plane waves are given by
the product of the two particle scattering amplitudes is a consequence of integrability: the extra conservation
laws restrict the dynamics so severely that every multiparticle scattering event factorizes to subsequent two
particle scatterings, and the order of these scatterings is not relevant.

The wave function (3.16) is rather general, model independent. The details of the specific models enter
through the two-body scattering phase S(p;, pr), which can be obtained by substituting the state (3.15) with
(3.16) into the eigenvalue equation H |¥) = E |¥). For the XXZ model this yields the result:

eHPiTP) 11 —2AeiPk
elPitP) 11 —2AePi”

S(pjopi) = PPi) = (3.17)

The energy of the eigenstate is also obtained from the eigenvalue equation and can be written as a sum of

one-particle contributions £ = ley:l e(p;). For the XXZ model, the one-particle energy takes the form
N N
E=Y e(pj)=4) (cospj—A), (3.18)
J=1 Jj=1
while the total lattice momentum is simply given by the sum of the quasi-momenta:
N
P=1Y p; mod2x. (3.19)
j=1

The expressions corresponding to the XXX model are recovered from (3.17) and (3.18) by setting A = 1.

The scattering phase (3.17) does not depend on the difference of the quasi-momenta. However, a new
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parametrization is possible by introducing the rapidity variables:

fi21) _ i:; 2 (in the XXX model), (3.20)
l
Jirlh) _ m (in the XXZ model), (3.21)
l

where the newly introduced parameter 7 is related to the anisotropy A by coshn = A. For simplicity, we
assume that A > 1 and n € R. We note that this is just a technical simplification and does not restrict
the validity of our subsequent results. All other domains of the parameter space can be treated by either
letting 1 become complex, or equivalently using different parametrizations for the different regions. For
more details, we refer to the so-called Orbach parametrization, discussed for example in [58, 59]. Using the
rapidity variables, the two-particle scattering phase simplifies and becomes of difference form, S(p;, px) =
S(p(A). p(2)) = S(2j — M), where

S(A) = ;“, (in the XXX model), (3.22)
—1
_ sin(A+in) .
S(A) = sn(A—m) (in the XXZ model). (3.23)

With the rapidity variables, the eigenenergies can be written as E = ley:l e(p(A))) = ley: 1e(A), where the
one-particle energy e(A) is given by

_ 4sinh?*(n) .
e(A)= cos(22) — cosh(1) (in the XXZ model). (3.25)

So far we have seen that the states given by (3.15) and (3.16) together with (3.17) can be eigenstates of the
Hamiltonian. However, the quasi-momenta {p; }IJV: | are yet undetermined. To fix their values, we have to
impose the periodic boundary condition. This leads to a set of consistency relations, known as the Bethe

equations, which in a model independent way are written as:

ePETTS(pjspe) =1, j=1,...,L. (3.26)
k]

For the specific cases of the XXX and XXZ models, using the rapidity parametrization, the Bethe equations
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take the explicit forms:

/lj—i/2>L Aj— Ny +i , _

=1, j=1,...,L the XXX model), 3.27
(/1,»+i/2 A h ki / (in the model) 27
sin(A; —in/2)\ "y sin(d; — e +in) ,
(Sin(lj+in/2) k#SiH(lj—lk—in)_L j=1,...,L (in the XXZ model). (3.28)

This completes the CBA solution: the quantum mechanical eigenvalue problem is reduced to solving a set
of coupled, non-linear equations, and the eigenstates and eigenenergies are constructed analytically. Even
though in the calculations above our main focus was on the Heisenberg models, it may be evident even
from this brief summary that the CBA technique is rather general and applicable to other integrable models
as well. An important example for such a system is the Lieb-Liniger model [3, 60]. The main steps of
the method are always the same: first, finding the two particle scattering amplitude. Then constructing
the Bethe wave function and checking that it is indeed an eigenstate, and at the same time obtaining the
eigenenergy. Finally, imposing the periodic boundary condition, which selects the admissible values of the
quasi-momenta through the Bethe equations.

Before turning to the next section, we need to introduce one more quantity that will play a key role later

in the dissertation. As a first step, let’s take the logarithm of the Bethe equations (3.26), which leads to

p(A)L+ Y 8(Aj— M) =2m;, j=1,...,L, (3.29)
k#j
where the /; € Z quantum numbers can be used to parametrize the states. Taking the derivative of this

equation with respect to the rapidities defines the so-called Gaudin matrix:

N
21l;) = 8 |P'(ANL+ Y, (A —A) | —@(A;—A),  jk=1,...,N, (3.30)
=1

G = aik(
where @(A) = —i % log(S(A)) = %5 (A). The Gaudin matrix has two physical meanings: on the one hand,
its determinant describes the state density in rapidity space. This can be seen from the first equality in (3.30):
states are evenly distributed in the space of the quantum numbers and the determinant of the Gaudin matrix
is the Jacobian of the variable change A; <+ I;. On the other hand, detG also gives the norm of the Bethe
wave function [61, 62]. (This is true in other integrable models as well, not just in the Heisenberg spin chain.
For the case of the Lieb-Liniger model, see [63].) For the precise mathematical relation, see Eq. (3.65) in
the next section.

As we shall see in Chapters 4 and 5, the Gaudin matrix is also an important ingredient in the calculation

of current mean values in integrable models.
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3.3 Quantum Inverse Scattering Method

In the previous section, it was shown how the coordinate Bethe Ansatz enables one to solve the eigenvalue
problem of integrable quantum systems. Even though the CBA is a useful tool to obtain eigenenergies
and eigenstates, it does not reveal too much about why these models are solvable in the first place. The
factorization of scatterings is argued based on the existence of extra conserved charges, however CBA does
not provide a method to construct such charges. Moreover, the representation of the eigenstates (3.15)
involves a huge sum over permutations. This complexity makes it hard to use this representation to obtain
more involved quantities, such as correlation functions.

A better understanding of quantum integrability is provided by the so-called Quantum Inverse Scatter-
ing Method (QISM), which was developed by the Leningrad School in the 1970’s and 80’s (their work is
contained in [12]). The QISM was introduced as a quantization of the classical inverse scattering method,
which in turn was established as a powerful framework to solve classical integrable non-linear differen-
tial equations. (In this dissertation, we do not discuss classical integrability; a very deep treatment of the
classical inverse scattering method can be found in [64], while a more general introduction to classical in-
tegrability in [65].) Building on notions coming from its classical counterpart, QISM provides a systematic
way of constructing and solving integrable quantum systems. It also sheds light on the connection between
one-dimensional quantum systems and two-dimensional classical statistical physics models. Here we do not
explain this connection, only refer to [11].

In this section, we briefly summarize the main elements of the QISM. For a deeper understanding of the

method, we refer to [12, 66].

3.3.1 Transfer matrix

Before turning to the examples of the spin-1/2 Heisenberg models, first let’s discuss the main ideas of the
QISM framework in a more general setting: we consider integrable spin systems on a lattice of size L,
with periodic boundary condition and with some local Hilbert space H; = C¢ at each site j, where d is
an integer (for spin-1/2 systems, d = 2). The Hilbert space of the whole system is then the tensor product
space ‘H = ®§: {H ;. Furthermore, we introduce an auxiliary space V,, which in general can differ from
H ;. The main objective of the QISM framework is to construct a family of commuting operators, so-called
transfer matrices acting on #H that can generate the conserved charges of the system, and to diagonalize
these operators. The main roles in this construction are played by the so-called Lax-operator L, ;(u) that
acts on H; ®V, and the R-matrix R,,(u,v), acting on two different copies of the auxiliary space V, ® V.
These operators are the functions of the spectral parameters u,v € C. The Lax-operator is used to build up
the monodromy matrix

Ty(u) = Lar(u) Lar—1(u) ... La1(u), (3.31)
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(a) (b)

Figure 3.2: (a) Graphical representation of R(u,v): the arrows represent the spaces on which the R-matrix acts, u and
v are the spectral parameters. (b) Graphical representation of the Yang-Baxter equation: the order of the R-matrices
in the products is determined by their positions along the horizontal direction.

which is an operator that acts on the space # ® V. The transfer matrix 7(u) is then defined as the trace of

the monodromy matrix over the auxiliary space:
t(u) = Tr,T,(u). (3.32)

In order to use the transfer matrix as a generator of the conserved, local charges of an integrable system,

we require that transfer matrices evaluated at different spectral parameters commute with each other:
[t(u),t(v)] =0. (3.33)

Obviously, this constraint isn’t satisfied in general, but only for special choices of £(u«) and R(u,v). In order

for (3.33) to hold, the Lax-operators have to satisfy the exchange relation
Rap(u,v)Laj(u)Lpj(v) = Lpj(v)Laj(tt)Rap(u,v), (3.34)
while the R-matrix has to satisfy a similar relation, the so-called Yang-Baxter equation:
Rap(u, V)R (tt, W) Rpe (v, w) = Rpe (v, W)Rye (u, w)Rypp (1, v). (3.35)

The R-matrix and the Yang-Baxter equation have a useful graphical representation shown in Fig. 3.2 that
can be used to simplify calculations with these quantities.
It is not hard to show that when (3.34) and (3.35) hold, the monodromy matrix also satisfies an exchange
relation
Rap (4, v) Ta(u) T (v) = Ty (v) Ta(u) Rap (14, v). (3.36)

This relation is trivially verified by using the graphical notation, see Fig. 3.3. The commutation of the

transfer matrices then can be derived rather easily from (3.36). Once this commutation is established, the
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transfer matrix can generate the conserved, local charges:

a—1
QOC o< WIOgIOJ) . s (337)
u=u
where the special point #* around which the expansion is made has to be specified for a given model in order
for (3.37) to yield local and Hermitian charges (as we will see, in the models that we consider, u* = 0 can be
chosen). The operators Qa mutually commute with each other [Qa, QB] = 0, which is guaranteed by (3.33),
and the Hamiltonian of the model in question is a member of this family. The locality of the charges means

that they can be written as a sum of local charge density operators
. L
Qa = Zﬂ?tx(j)a (3.38)
j=1

where §q(j) is an operator with a support of « sites: it acts non-trivially only on « sites, around site j.
Since the relation (3.37) only specifies the total charges, the charge densities are not uniquely defined: for
any local operator G(j), the modified charge density ¢,(j) = §o + G(j + 1) — G(j) produces the same
integrated charge as the original density. This transformation can be thought of as a gauge freedom and is
explained in more detail in [67]. Nevertheless, our main focus will be on the mean values of the charges,
which are not effected by this gauge choice, therefore we do not discuss it further here. Also, explicit
expressions for some of the charge densities of the Heisenberg models can be found in Appendix B.

Finding the integrable structure behind a model given by its Hamiltonian is not necessary trivial. How-
ever, the construction works in the other way around as well and can be used to systematically find integrable
systems. From this point of view, the Yang-Baxter equation (3.35) is the central element: after fixing the
dimension of the auxiliary space, one can look for solutions of (3.35). Once a solutions is found, the cor-
responding Lax-operators have to be obtained from (3.34). With the known R(u,v) and L(u), the transfer
matrix, and the charges are easily calculated.

So far, we kept our description rather general. Now, we make some specifications that will be pertinent to
the models treated in this dissertation. First, we consider the case when the auxiliary space V,, is isomorphic
to the local physical space ;. In this case, the Lax-operators can be chosen to be identical to the R-
matrix, since from the Yang-Baxter equation (3.35), it follows that this choice satisfies (3.34). Consequently,
the monodromy matrix is built from the R-matrices. In general, one can include arbitrary inhomogeneity

parameters &; € C for each site, leading to

T.(u) = Rar.(u, Er)Rar—1(u,é0-1) ... Ra1 (u, &1), (3.39)

however we will stick to the homogeneous case, when §; =0 forall j=1,...,L.
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Figure 3.3: (a) Graphical representation of the monodromy matrix: the horizontal arrow corresponds to the auxiliary
space with rapidity u, while the vertical arrows represent the physical spaces. Here we illustrate the case when the
Lax-operators are chosen to be identical to the R-matrix without inhomogeneities. (b) Graphical representation of the
RTT-relation: by consecutively using the graphical Yang-Baxter equation, the crossing of the horizontal lines can be
moved from one end of the chain to the other, verifying the equality.

Second, we will assume that the R-matrix satisfies the so-called regularity and unitarity conditions

R(u,u) =P,
(3.40)
Rap(u,v)Rpg(vyu) =1,
where P is the permutation operator that acts as PRyp(u,v)P = Rp,(u,v).
Finally, we will be interested in R-matrices that are of difference form:
R(u,v) =R(u—v). (3.41)

It is worth mentioning that there are examples of integrable systems, whose R-matrix is not of this form, the
most notable one being the one-dimensional Hubbard model [68].

As an explicit example, we present here the specific expressions for the R-matrices of the Heisenberg
models. In the case of the U(1) symmetric XXX and XXZ models, the R-matrix takes the form

1 0 0 O

ROX/XXZ () g b(u) c(u) O 7 (3.42)
c(u) bu) 0
0 1

0 0
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with the functions b(«) and c¢(u) defined as

u i .
b(u) = o c(u) = " (in the XXX model), (3.43)
sin(u) sin(in) .
b)) = ——~ =V the XXZ model). 44
(u) sn(a+m)’ c(u) sin(a+ 1) (in the model) (3.44)

In the case of the XYZ model, the breaking of the U (1) symmetry changes the form of the R-matrix as well:

a(u) 0 0 du)

XYZ () — 1 0 b(u) c(w) 0
R )_h(u+n) 0 cu) bu) O
du)y 0 0 a(u)

, (3.45)

Here the inclusion of the normalization factor 1/A(u+ 1) is for later convenience and the significant differ-
ence compared to the XXZ R-matrix is the appearance of the non-zero d(u) function in the bottom left and

upper right elements of the matrix. The newly introduced functions in (3.45) are given by

a(u) = 04(N|7) 01 (u+n[7) Va4 (u|7),

b(u) = V4(n|7) 0a(u+n[7) 01 (u|7),

() = 1 (1]7) O+ 1]7) Ba (), (3.46)
d(u) = 91(n|7) % (u+n|7)0 (ul7),

h(1) = 04(0]7) 4 (u|7) O (u]7),

where 11 € C is a parameter of the model, while ¥;(u|7) (i € {1,2,3,4}) denote the elliptic theta functions
with parameter T and argument u. The definition of these functions and a list of their useful properties are
presented in Appendix D. For brevity, from now on we omit the dependence on the parameter 7, and simply
write ¥;(u) = 0;(u|7).

It is easy to check that both (3.42) and (3.45) possess the regularity and unitarity properties (3.40).
Moreover, RXYZ(u) also satisfies the so-called crossing relation:

h(u—mn)

RS ol R =)o) =", e4n
where [...]"" denotes partial transpose with respect to the first space. This property will be used in Chapter
5.

For the XXX/XXZ models the conserved charges are obtained from their corresponding transfer matri-
ces as

o—1

O =i dua_l(logtxxx/xxz(u)) : (3.48)
u=0

where the factor of i was included to ensure the hermiticity of the operators. The appropriate Hamiltonians
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(3.5) and (3.8) are given by H = KQZ, with K being k¥ = 2 and k = 2sinh 7 for the XXX and XXZ models,
respectively, and with A = cosh 7.

In the case of the XYZ model, our conventions for the R-matrix (3.45) lead to a slightly different relation
between the transfer matrix and the conserved charges. Namely, the Hamiltonian (3.10) can be derived as

d 1
y (logt**(u))| =HX"?— Lo, (3.49)

u

u=0

with the coefficients in the Hamiltonian defined as

;. 0i0) <194(n) N 191(17)) PEAURAC)
T \ti(m)  tu(m))T T ti(m) tu(n)’ (3.50)
5= 5O (194(17) ~ éﬁ(n)) Jo = 2iln) | vi(m)
T%(0) \%i(n)  %u(n))’ Bi(n)  Y4(n)
The higher charges of the XYZ model are obtained as
A d®-
Ou = ()" oy (logr™ ()] .- 3.51)

3.3.2 Algebraic Bethe Ansatz

In the framework of QISM, the diagonalization of the transfer matrix (and the Hamiltonian) is achieved by
the algebraic Bethe Ansatz (ABA) method. The ABA can be considered as a second quantization of the
coordinate Bethe Ansatz: the eigenstates of the system are constructed by applying certain operators (which
from this point of view are quasi-particle creation operators) to a reference state. It is important to note that
the usual ABA technique is only applicable to U(1) symmetric models. A generalization of the method to
non U (1) symmetric systems is considered in the next subsection.

To obtain the eigenstates of a general U(1) symmetric integrable model with an R-matrix of the form

(3.42), first let’s consider the monodromy matrix (3.31) as a 2 x 2 matrix in the auxiliary space:
A B
To(u) = ( ) Blu) > : (3.52)

where now the elements A(u), B(u), C(u) and D(u) are operators acting on the physical Hilbert space H.
These operators satisfy certain commutation relations that are encoded in the RT T-relation (3.36). Here we
only list those of these commutation relations that are used in the ABA construction, the rest can be found

in Appendix A:

v,u)B(v)A(u) + g(u,v)B(u)A(v), (3.53)
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where
1 c(u—v)

f(”ﬂ’):ma g(”v"):mo

(3.54)

To construct the eigenstates of the transfer matrix 7(u) = A(u) + D(u), we can choose (just like in CBA) the
state |0) with all spins up as a reference-state/pseudo vacuum. The action of the operators A(u), D(u) and

C(u) on |0) easily follow from the form of the R- and monodromy matrix:

A()|0) =a()|0),  D@u)|0) =d(u)]0),  C(u)]0) =0, (3.55)

with a(u) = 1 and d(u) = (b(u))L. (Here we introduced the function a(u) just to keep the computation
general. With other normalizations of the R-matrix, a(u) can differ from 1.) Using |0) as a reference state,

we can construct the eigenstates of 7(u) by repeatedly applying the operator B(u) on |0):
(A1 An) =B(A —&)...B(Ay — §)10), (3.56)

where the constant £ was introduced to keep the conventions consistent with the ones introduced in the
previous section, and the values of the rapidities {A; } ", are yet undetermined. (Similarly, the dual eigen-
states can be constructed by applying the C(A) operators on the dual vacuum (0|.) Using the commutation
relations (3.53) and the properties of the reference state (3.55), direct computation gives that the operators
A(u) and D(u) act on the states (3.56) as follows:

N
A oo ) = A WA (A )+ 1AL @A) Ao At A A
j=1

N (3.57)
D(u) At . Ay) = AP (ul{A}) A, Aw) + Y AP {45} [Ar, o Ao, At A,
j=1
with
N
A (ul{2;}) = al )H fA; =&, u),
s
A (ul{A}) =a(A; = &)g(u, A = &) [ [ /(A= &.2, - &),
N ki (3.58)
AD(u!{M})zd()Hlf(ufl &),
i
AP (ul{A;}) = d(A; - E)g(A glfi —& M —6).
k#]

From (3.57) and (3.58) it trivially follows that the state (3.56) is an eigenstate of the transfer matrix, given



3.3. QUANTUM INVERSE SCATTERING METHOD 28

that the rapidities {Aj}yzl satisfy a set of constraints, the Bethe equations:

O o PG Tl ) R SR (3.59)

Ay —&) fA I —E A=)

If the set of rapidities satisfy the Bethe equations (3.59), the state (3.56) is called an on-shell Bethe state,
while if they do not, an off-shell Bethe state. The transfer matrix eigenvalue for an on-shell state is then

given by

N

A(ul{A}) = A (ul{A;}) + AP (u{A;}) = au) [T £ (A = &.u) +du) [T £, 25 = &) (3.60)

j=1 j=1

=

This completes the diagonalization of the transfer matrix. Since the Hamiltonian and the higher charges are
related to the transfer matrix according to (3.48), the energy and charge eigenvalues can be obtained from

(3.60) by taking the appropriate derivatives:

N

H|M,... ) = (Ze(xj)> Al Ay, with e(A) = Kkga(A), (3.61)
j=1

R N aa—Z

QaM],...,AN):<an(lj)> A dn), with ga(d) = 5 osa(A—x)| (3.62)
j=1 x=0

To recover the explicit expressions for the cases of the XXX and XXZ models that were obtained from CBA
in the previous section, one only needs to substitute the functions (3.43) or (3.44) into (3.54) and then to the
appropriate equations. The constant shift & is equal to & =i/2 and & = in /2, while kK =2 and K = 2sinh7)
for the XXX and XXZ models, respectively. The charge eigenvalue function ¢»(A) is given by

~1
T A2t 1/4

_ —sinhn

~ sin(A —in/2)sin(A +in/2)

q2(A) (in the XXX model), (3.63)

q2(4) (in the XXZ model). (3.64)

It can be easily checked that (3.63) and (3.64) are equivalent to the previous results (3.24) and (3.25).
As it was already mentioned in the previous section, the norms of the on-shell Bethe states (3.56) are
given by the Gaudin determinant [62]:
N N
OTTcA)TTB(2)I0) =&Y { [T (A, 4) | det Gy, (3.65)
: ]

Jj=1 J#k

where K = 1 and K = sinh(n) for the XXX and XXZ models, respectively. To clarify our notation, from
now on the expression |1, ..., Ay) will refer to Bethe states that are normalized to 1, while when we use the
states (3.56), we will write out the expression []; B(4,) [0).
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3.3.3 Generalized Algebraic Bethe Ansatz

The coordinate and algebraic Bethe Ansatz methods discussed in previous sections are robust analytical
approaches for addressing the eigenvalue problems in integrable quantum systems. However, each approach
has certain limitations. For CBA, the model’s U(1) symmetry and particle number conservation are essen-
tial: eigenstates are built from a reference state |0), with the Hamiltonian diagonalized within subspaces
invariant under the symmetry operator (e.g., $¢ in the XXX/XXZ models). Similarly, ABA also utilizes the
U (1) symmetry, though this may not be immediately obvious. Here, the reference state |0) is required to be
annihilated by the lower left element of the monodromy matrix across all rapidity values, a feature ensured
by the U(1) symmetry.

Some integrable models, however, lack U(1) symmetry. Unlike the XXX and XXZ spin chains, the
XYZ model does not include ¢ among its commuting conserved quantities, thus lacking U (1) symmetry.
Consequently, the standard coordinate/algebraic Bethe Ansatz methods fail for this model. Nonetheless, the
XYZ model remains exactly solvable, with its eigenvalues and eigenstates first derived by Baxter using his
T — Q relations [11]. Later work [69] successfully extended the ABA to apply to the XYZ model, and other
diagonalization approaches have since been developed as well. For instance, the Separation of Variables
(SoV) method was employed in [70], while the so-called off-diagonal Bethe Ansatz was utilized in [71, 72].
Here, we focus on the construction of [69] as it aligns best with our aims. (Our description below closely
follows that of [73].)

As it was already mentioned, the challenge with ABA arises because, for the XYZ model, no global ref-
erence state |0) exists that is annihilated by C(u) for all values of u. To address this, a gauge transformation
was introduced in [69] on the R-matrix, which enables the construction of a family of reference states. (For
brevity, in this subsection we omit the XYZ superscript when referring to the R-matrix of the XYZ model.)

To illustrate this transformation, we first examine the local R-matrix (3.45) as a 2 X 2 matrix in the

auxiliary space, with elements that act on the local physical space C?:
a . .
Raj(u) = ( 100 Byt ) : (3.66)

where o;(u), Bj(u),y;(u),8;(u) € End((C?). Now let’s introduce a local gauge transformation in the follow-

ing way:

V) 8l(u)

where M, is a 2 x 2 invertible, numerical matrix and / is an integer. Obviously, this transformation affects

! u l u
R () = M (10)Ray (0011 () = (“f( ) Byl >> , (3.67)

the monodromy matrix only by a simple linear transformation:

7! (u) = Ry (u) .. Ry () = My ()T, ()M () = (A’E“) Bl(”) . (3.68)
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Now M (u) can be chosen in such a way that ensures the existence of a local reference state at each site,
annihilated by the bottom left element of the corresponding local matrix Ré /-(u), for all u. To this end, we
define My (u) as

(3.69)

1

Oa(s+hkn—u) 504t +kn +u)

where g(x) = ¥ (x)%4(x), T = 3* +kn — /2 and s and 7 are two arbitrary, but fixed complex parameters,
which we will not denote in the followmg. By using the theta function addition theorems listed in Appendix
D, it is easily verified that the local state ‘a)j> S (C?, defined as

\w;>:ﬁl<s+(j+z Y1)+ s+ GO L)), (3.70)

is annihilated by yj(u) for all u:
1) \w§> —0. (3.71)

Here, }T i/l j> denote the standard basis elements at site j. We can also compute the actions of Otjl.(u) and

5]1.(u) on ’a)]l>

1)< o).
30 of) = s [al*).

Using the local relations (3.71) and (3.72), we can see that the monodromy matrix elements act on the global
state [£2;) € H, defined as

(3.72)

Q) = |of)@|wh) 2o af), (3.73)
in the following way:
Ar(u) Q) = |Q-1),

L
Di(u) ) = (h(h“)) Q). (3.74)

u+n
Ci(u)|) =

Therefore, the vectors {|€2) },cz form a family of reference states, on which the actions of the transformed
monodromy matrix elements are known.
To construct the model’s eigenstates, we consider the more general transformations of the monodromy

matrix, without restrictions on the integer indices k and [:

Ag(u) Bk,l(”)) _ (3.75)

kL) = M~ (u (u u) =
T () = My () Ta () My (u) (Ck,l(u) Dy (u)
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As it turns out, the commutation relations between Ay ;(u), By ;(u), Ci;(u) and Dy ;(u) take a simple form.
They can be derived from the RT T-relation (3.36), with the help of the known form of the transformation
matrix (3.69) and the properties of the elliptic functions. The actual computation is rather long and technical,
therefore we only present here the formulae that are used in the remaining steps of the calculation. For more
details on how to actually obtain these relations, we refer to [69]. The commutation relations necessary for

us are given by:

Biei+1(4)Biy11(v) = Bi1(v)Biy1,0(u),
Ak 1(U)Biy1,-1(v) = a(u,v)Bij—2(V)Akg1,0-1() — Br—1(6,v)Brj—2 () A1,1-1(v), (3.76)
Dy (u)Bry10-1(v) = 0(v,u) By 2,1 (v)Dir1,0-1 () 4 Brey1 (24, V) Bryo, 1 () Dy 111 (v),

where the functions o (u,v) and (u,v) are defined as:

h(n)h(tw+v—u)
h(v—u)h(t)

h(u—v—n)
h(u—v)

Bi(u,v) = (3.77)

o(u,v) =

From here, the calculation closely parallels the conventional ABA, enabling the construction of the transfer

matrix eigenstates by considering the vector

W (A1, A)) = Bigrj—1 (A1) - Biagni—n(An) [ Q1-n) (3.78)

where the rapidities {A;}}_, are not yet specified, and n = L/2. From (3.75) it is obvious that #(u) =
A(u) +D(u) = Ay ;(u) + Dy (u) for any [. By using the commutation relations (3.76), the actions of A;;(u)
and Dy ;(u) on the state (3.78) are easily obtained:

Ap(u) |F (A ) = A(u| A, ) [ (A A)) +

+ ZAJI(M|A1572'}1) ‘%—1(2’17'"aﬂ’j*17uvlj+lv"'7ﬂ'n)>7

! (3.79)
Dyy(u) (A1, An)) = Al Ay, A) Wi (A, -, An)) +

—I—Z/ijl(bdll,,ln) ‘IPH_](2,1,...,Ajfl,u,lj+1,...,7l,n)>,
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with
A, 2) = [T o, M),
k=1

Aj(ulAry o ) = =B (u, A7) [T (R, 40,

kAj
) W (3.80)
A(u|ll,-..,7tn):< M+n > Haﬁ‘/ﬂ 5

k=1

/ijl-(uMl,...,?Ln):[31+1(u,7tj)( ( T] > HO! )Lk,

k#j

The condition n = L/2 is necessary, because after A;;(u) is commuted through all the B(4;) operators in
(3.78), finally the expression A; i, ;—,(u) |€2;_,) has to be evaluated. This is only possible by using (3.74),
if n = L/2. The restriction on n also means that the method presented here only works for chains of even
length.

As a last step, we multiply (3.78) with the factor exp(27i/0) (0 < 6 < 1) and sum it over all the integers:

S}

Po(M,.. s dn)y = Y, ™Ay, M) (3.81)

|=—o0

Eq. (3.79) implies that the state (3.81) is an eigenstate of the transfer matrix, with eigenvalue
Ap(u) = O (u|Ay, ..., An) +e O (UM, ., ), (3.82)

given that the rapidities satisfy the Bethe equations:

h(A) \N* et @A),
< ( J) > :e4meH ( ) k)_ (3.83)
h(}'j"'n) k=1 a(lk’lj)
k#j
Since the Hamiltonian of the XYZ model is related to the transfer matrix through (3.49), it is obvious that
the states (3.81) are also eigenstates of the Hamiltonian (3.10). The energy eigenvalues are given by
LJO

+ =2 (3.84)

d
E= %(logt(u)) e

Equivalently, we can write the energies (3.84) as sums over the Bethe roots:

H() H(O+n)
hA)  h(A+m)

=i T e(A) = (3.85)

2

Furthermore, from (3.51) it follows that the eigenvalues of the higher charges can also be written as sums
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over the rapidities:

o—2
a-2 d

Qo M, .. ) = (Z qa(/lj)) Aly... An)  with  g(A) = (—i) d/la—ze(l)' (3.86)
j=1

The convergence of the sum in (3.81) requires a careful analysis. The results of [11] and [69] show that
(3.81) sums to zero for all 6 expect finitely many values of 6;, and that 0 is among these 6;. The situation

simplifies by imposing the following restriction on 7:
Kn=m2n+mynr, (3.87)

with K, m; and m, being integers. The quasi-periodicity of the elliptic theta functions makes My (u), Tak’l(u)
and | (Ay,...,A,)) quasi-periodic functions of k and [ in this case. With an appropriately chosen common
normalizing factor, it can be achieved that they become periodic in k and [ with period K. Consequently, the
sum in (3.81) becomes finite, with 6 = k/K for k =0, 1,...,K — 1. For further details on this special choice
of 1 see [69]. However, in Chapter 5, when treating the problem of the current mean values in the XYZ

model, we consider the general case, with no restriction on 1.



Chapter 4

Current mean values in the XXZ model

As it was pointed out in Chapter 2, the current operators of integrable models play a crucial role in the
formulation of the theory of Generalized Hydrodynamics. In the derivation of the equations of motion
(2.10), GHD builds on the assumption that the current mean values can be expressed in a simple form,
given by (2.9). However, in the seminal papers [46, 47] the expression (2.9) was only rigorously proven for
the case of integrable quantum field theories. Separately, in [74] the spin current of the XXZ model was
considered and (2.9) was verified. Nevertheless, the treatment of general current operators of interacting
lattice models and quantum gases was missing, leaving a hole in the theoretical foundation of GHD.

Moreover, the question of current mean values is also interesting independently from GHD, from a more
theoretical point of view. The equilibrium correlation functions of integrable models attracted significant
research interest for decades (far from being a comprehensive list, see for example [12, 75-79]), with em-
phasis on the asymptotic behavior of two-point functions [80] and the expectation values of short range
local operators in equilibrium [81]. The current operators fit in this line of work since they are special short-
range operators, and (as we shall see in the following two chapters) their finite volume mean values take a
remarkably simple form.

In this chapter, we present a simple formula for the finite volume mean values of current operators in
integrable models, based on our work [82]. Our expression is the finite size version of (2.9). The formula
is rather general and applicable to a range of Bethe Ansatz solvable models, however at some points of our
calculations we restrict ourselves to the XXZ model. After stating the main result in Section 4.1, the formula

is proven in the subsequent Sections 4.2, 4.3 and 4.4, by using methods introduced in the previous chapter.

4.1 Current mean value formula

As it was discussed in the previous chapters, integrable systems possess extra local conserved charges that
can be obtained from the QISM framework. The locality of these charges means that they can be written
as sums of charge density operators with some finite span. When summed over the whole of the chain,

the charges commute with the Hamiltonian, therefore their time-derivatives are zero (as it should be for

34
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conserved quantities). However, when the charge densities are summed over a finite segment of the system,
they no longer commute with H, their dynamics is non-trivial and is described by the lattice version of the

continuity equation:

d 2 Jj2 R R
5 L dal) =i [H, ) %(j)] =Ja(j1) =Ja(j2+1), 4.1
J=i j=h

where we introduced the current operator density Ji(j), corresponding to the conserved charge Qy. From
the locality of the Hamiltonian and the charges, it follows that the current operators are also local objects.
Since the charge densities are not uniquely defined, as it was pointed out in Subsection 3.3.1, the equation
(4.1) does not define the currents unambiguously either. The resulting gauge freedom however does not
effect the mean values of the currents, therefore for our purposes is irrelevant. The continuity equation also
allows for an additive normalization, which we choose so that in the reference state the current mean values
are zero:

(0lJe(j)10) =0. 4.2)

Explicit real space forms of current operators in the Heisenberg model are presented in Appendix B.
Other than the physical currents, it is also useful to consider so-called generalized currents. These
operators describe the dynamics of the charge densities under the time-evolution generated by a conserved

charge other than the Hamiltonian:

ok
i[QB,Zéa(ﬂ =) —Th(a+1). (4.3)

J=i

Explicit expressions for some generalized current operators can also be found in Appendix B.

Our main goal is to determine the expectation values of the currents in the eigenstates of integrable
models. As it was shown in the previous chapter, in Bethe Ansatz solvable models the exact eigenstates
can be characterized by a set of rapidities {A,...,Ay}, satisfying the Bethe equations. Our main result,

obtained originally in [82], for the (physical) current mean values is the following formula:

Ay s (DA - ) =€ -G - q,. (4.4)
For the generalized currents an analogous expression holds:

Aty R ()AL Ay = -G g 4.5)
Here €, q,, and q’B are N-component vectors with elements

e(; Aj
@ =2 g =gty (=22 “6)

where e(A) and gq(A) are the energy and charge eigenvalue functions defined in (3.61) and (3.62), while
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G~ is the inverse of the Gaudin matrix.

4.1.1 Semiclassical picture

The current mean value formula (4.4) is the finite size version of (2.9), which can be mathematically rig-
orously shown, by considering the string solutions of the Bethe equations and taking the thermodynamic
limit of (4.4). For the case of the XXX model, this was done in [83]. Here however, instead of reproducing
this rather long and technical calculation, we only present a simple semi-classical picture that illustrates the
connection between (4.4) and (2.9).

In this semi-classical picture (also depicted on Fig. 4.1), the spin chain with periodic boundary condition
can be thought of as a continuous ring. Particles far from each other, represented by individual wave packets,
are assumed to have well-defined trajectories: they travel along the ring with constant velocities given by
their group velocities 4 )

e e

v(A) = dp m 4.7)
Since these group velocities generally differ for different rapidities, the particles meet and scatter on each
other along the ring. The scattering events are taken into account by using the solution of the full quan-
tum mechanical two-body problem: from the Bethe wave function (3.16), it is clear that the scattering of
particle j on particle k results in the multiplication of the wave function by the phase S(A; — ;). For the
individual wavepackets, this phase gives rise to a (momentum dependent) time delay, or equivalently spatial
displacement [84—86]. As the particles continue to collide, the time delays suffered from the individual
scatterings accumulate and eventually lead to the emergence of an effective velocity v*f(1), different from
the group velocity v(A4). During this process, integrability guarantees that the values of the rapidities do not
change. In the semi-classical picture, the current mean values are simply given by the sum of the one-particle

contributions:

P L
J = . Y qa(A)vE(A;). (4.8)
j=1

The effective velocities, however, can be computed building on the semi-classical picture. This was done in
[82] by Marton Borsi. Here we present this simple self-consistent calculation.

The spatial displacement suffered by particle j as a result of scattering on particle k is given by

. +1 if veﬁ(lj) > Veﬂ(lk)
0 , with Ojr = (4.9)
P'(4) —1 () < velf(A)

d0(p;, Ai—A
Asji = O (aP; 'Pk) _ ijq)( J k)
J

where the sign oj; takes care of the ordering of the particles and the quantities 8(p;, px) and @(A) are
defined in (3.17) and (3.30), respectively. The period with which these two particles collide is trivially
calculated as

L
T = .
T veB () — e ()]

(4.10)
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(b) ()

Figure 4.1: Semi-classical picture: (a) Particles far from each other travel with their constant group velocities. (b) Due
to the difference in their velocities, the particles meet and scatter on each other. (c) As a result of the scattering, the
particles suffer a spatial displacement given by the derivative of the scattering phase. The accumulating displacements
change the average velocities of the particles.

After an asymptotically long time ¢, the space shifts suffered by particle j add up, leading to the total

displacement
t

4.11)
T

ASj(l) = Z ASjk
k#j
Obviously, this same displacement is the result of the difference between the bare and effective velocities of
particle j:

Asj(t) = (v(&)) — v (). (4.12)

Equating (4.11) and (4.12) leads to a self-consistent equation for the velocities. Rearranging this equation,
taking into account the definition of the bare group velocity (4.7), the sign 6, and multiplying both sides
by p'(A;)L, finally yields the following expression

¢ (p)HL=Lp ()T (A)+ Y o — 4) (v (A) — v (). (4.13)
k#j

On the r.h.s. we can recognize the action of the Gaudin matrix (3.30), therefore (4.13) is equivalent to the
matrix equation
Le = G-v°iL. (4.14)

From (4.8), it then follows that the current mean values in the semi-classical picture are written as
J=¢-Gqq, (4.15)

which is the same as our main result. The fact that the formulae (4.4) and (4.5) are exact on the level of the
full, interacting quantum theory signals a complete classical/quantum correspondence, which is ultimately
the result of integrability.

4.1.2 Outline of the proof

In the rest of this chapter, we prove the formulae (4.4) and (4.5), following a number of steps:

1. First, in Section 4.2 we introduce the notion of form factors, and prove an expansion theorem that
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connects the symmetric form factors and the mean values of operators.

2. Then, in Section 4.3 we calculate the form factors of the conserved charge operators, using their
known mean values and the expansion theorem mentioned above. With the help of the continuity

equations (4.1) and (4.3), the form factors of the current operators are also obtained.

3. By utilizing the form factor expansion again, in Section 4.4 we calculate the mean values of the current

operators, hence completing the proof of the formulae (4.4) and (4.5).

The ideas behind this proof are quite general and pertinent to a wide range of Bethe Ansatz solvable models.
Most of our derivations are therefore model independent, however in Section 4.2, we give a proof of the

expansion theorem specifically to the XXZ model.

4.2 Form factor expansion

The crucial element of our proof of the mean value formula is an expansion theorem that relates the mean
values of local operators to quantities called form factors. The form factor F({A}y|{tt}s) of an arbitrary
operator O is a meromorphic function that describes the generic off-diagonal matrix elements of O between

unnormalized Bethe states:

O
(A0 {uar) = T Ul R ) “4.16)

\/detG; detG,, ’

where {A }y and {pt }s are two normalized eigenstates of the system in question, while the Gaudin determi-

nants are responsible for the proper normalization. It is important to note that while (4.16) is valid when both
{A}y and {p} are on-shell Bethe states, the form factors are generally well defined functions. A crucial
property of the form factors that will be utilized later on, is that they are volume independent: the only L
dependence in the on-shell case comes through the Bethe roots. The behavior of form factors were heavily
investigated in the literature: equation (4.16) was introduced for QFTs in [87], while for lattice systems in
[12]. The analytic properties of form factors were also studied both in QFTs [88], in lattice systems, using
ABA [12] and in the Lieb-Liniger model, using CBA [89].

Even though the off-diagonal matrix elements of operators are easily expressed with the help of their
form factors, this is not the case for the mean values. This is caused by the appearance of the so-called
disconnected terms: mathematically, they are the results of the dynamical poles of the form factors, while
on a more physical level they describe those scenarios when a subset of quasi particles do not interact with
the operator in question. To establish a connection between mean values and form factors, let’s introduce

the so-called symmetric diagonal evaluation of F©:
FE{A}y) = lig(l)FO(ﬁ,l +&.. AN FEAL. ., A). 4.17)

It is worth mentioning that other diagonal evaluations of the form factors are possible, however for our

purposes the symmetric one is the most suited, therefore we do not consider any other case. (For details on
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the so-called connected form factors see [90].)

Before turning to the expansion theorem, first we set up a connection between the form factors of the
conserved charge and corresponding current operators, by taking the off-diagonal matrix element of the
continuity equation (4.3). Although, the final goal is to calculate mean values, taking the diagonal matrix
elements of (4.3) would result in zeros on both sides of the equation. Nevertheless, among the off-diagonal
matrix elements we can restrict our attention to those that are taken between states with the same particle

number N:

(05 ({1y) — Qp ({A 1)) (A hldai) ) = (70 PR — 1) (AR () HRdy) . @418)

Here we used that translations on the chain are generated by the operator exp(—iP), where P is the total
quasi-momentum. Taking the symmetric diagonal limit in (4.18) immediately yields a relation between the
form factors of charges and currents. In order to keep the notation more readable, we introduce the symbols

Qg and jolf for the symmetric form factors of the charge and current operators, respectively:

Qu({Abv) = Fie({Aty),  JE{AIN) =l ({(Alw). (4.19)

With this notation, the relation between the form factors of the charges and currents reads as

i = B25 Mg ) (420
N =N N)- .
¢ Y P (&) ¢
As a last step before presenting the expansion theorem, it is useful to introduce the function p(4y,...,Ay)
as the Gaudin determinant evaluated at the rapidities {A;,..., Ay }:

p({A1,..., An}) = detG;. 4.21)

Notice that while detG, has a physical meaning describing the norm of on-shell Bethe states, p({A}y) is
generally defined for arbitrary values of the rapidities.
At this point, we are ready to state the expansion theorem connecting the mean values of local operators

to their form factors.

Theorem 1. In a finite volume L, the mean values of any local operator O in the normalized eigenstates of

the model, can be computed as

(A0 = ey T EOUAT DR, @22

where the sum runs over all bipartitions {1} U{A~} = {A}n of the set of rapidities, including the cases
when either subset is the empty set (and in these cases p(0) = 1 and F (0) = (O) is the vacuum expectation

value).
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In the rest of this section, we present the proof of Theorem 1 for the specific case of the XXZ model.
We note that similar expressions are known in other integrable models: for integrable QFTs an equivalent
theorem was introduced in [90], which holds up to exponentially small corrections in system size. (This is
because in iQFTs the Bethe states are only approximate and not exact eigenstates.) Also, in [91] it was shown
that the expansion (4.22) can be considered as the finite size version of the well-known LeClair-Mussardo
series [92], which is an integral series for mean values, valid in the thermodynamic limit. Moreover, a similar
expansion theorem was also proven for certain operators of the Lieb-Liniger model in [93]. However, for
the case of the XXZ model Theorem 1 was first proven in [82].

Our proof is carried out by investigating the analytic properties of the form factors, a technique that can
be originated from Korepin, who used the same ideas to calculate the norms of Bethe states [62]. The proof
presented here follows very similar steps to that of [91].

Our ultimate goal is to derive a form factor expansion for mean values, however as a first step, let’s just

consider the scalar product of two arbitrary off-shell Bethe states

N

N
oTcx, H (A2)10), (4.23)

k=1

where {18}y and {1€}y are two sets of arbitrary rapidities. To evaluate this expression, one should com-
mute the C operators through the B operators, and use the fact that C(1) and B(A) annihilates the state
|0) and (

(A.1), it can be shown [12] that the scalar product (4.23) possesses a pole, whenever two elements of the

, respectively. Using the commutation relations between the elements of the monodromy matrix

sets {AB}y and {A€}y approach each other. (This pole comes from the function g(A¢,A5) that appears
from the commutator [C(A€),B(A2)].) Since both the B and C operators commute among each other, we

can consider the A — AZ case without loss of generality:

Z’B

N N
OTTCOOTTBGI0) ==

sin(in) 5 c ¢ B ~ Yo g, A8 [0ymod
o S~ ) OIT] € TT B0, @29
N~ AN k=1 k=1

where to shorten the expressions we introduced the notation af/ €= a(lﬁ/ C) and dB/ C=d (lg/ C) (also note
that for simplicity, here we omitted the constant shift £ = in /2 that was introduced in Chapter 3). The scalar
product on the r.h.s. has to be evaluated with the modified reference state eigenvalues that are defined as
a"(A) = a(A)f(Ay,A) and d"4(A) = d(A) f(A, Ay). To somewhat simplify the calculations, it is useful
to introduce the normalized operators B(u) = B(u)/d(u) and C(u) = C(u)/d(u). Note that due to the Bethe

equations (3.59), the on-shell states created by these operators have the same norm as in (3.65). States
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created by the normalized operator satisfy a similar recursive property:

O\H(C A6) H (AB)Jo) B2,

—1

sin(in) o By |\ mod
—>AC AB(IN 9] kI:IIkaka O|HC}% H (A)|0)™, (4.25)

where again, we introduced the notation fﬁK = fB/C(Ay, Ax) and lB/C = IB/C(Ay) with [(A) = a(1)/d(])
for brevity, and on the r.h.s. the the scalar product is evaluated with the modified function /,,,4(1) =

l (/’L)?E;Nlﬁg In the rest of the calculations in this section, we will use the states created by the normal-

ized operators B and C, because they are more convenient to study mean values. The key feature of our
derivation is that we treat the functions a(A) and d(A) (or equivalently /(1)) as freely varying parameters,
and not fixed functions. Therefore the scalar product on the Lh.s. of (4.25) depends on 4N independent
variables, {18}y, {AC}y, {18}y and {IC}y. Of course, in the physical case, when both a(4) and d(1) are

well-defined continuous functions, these variables stop being independent, and the pole in (4.25) disappears:

sin(in)

1o N =) = —sinh(n)lvzy, (4.26)
N N

where z(A) = idj logl(A). The first step toward the proof of Theorem 1 is to show that the matrix elements
of an arbitrary operator O satisfy the same recursive relation as the scalar product in (4.25). Introducing the

notation
N N

MY ({2 AP I AL A1 ) = OITT C) O TTB(AE)10), (4.27)

k=1 k=1

we want to show that

AG—AE

MR ({2 n AP {1 N 1P )
sin(in) N o s o c B c B
- AC— AP (I —1I%) ll:[lkaka My_ (A INn-1AX v 1 A Lmoa N1 Umoa SN 1) (4.28)

Again, we stress that the matrix element (4.27) is a function of 4N independent variables. Instead of consid-

ering an arbitrary operator O, it is enough to treat the case when O is of the form
L
O =[] Eayi,(J)s (4.29)
j=1

where E, ,(j) (a,b = 1,2) is the elementary matrix with elements (Ea,b) = O, 0p that acts on site j. It is

Kl
clear that any operator on the finite chain can be written as a linear combination of operators of the form

(4.29). Because of the linearity of the scalar product, it is then enough to consider just one such product of
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elementary operators. However, the matrix elements of these elementary building blocks can be evaluated
by using the solution of the quantum inverse problem. This method expresses the local operators E, () by
the entries of the monodromy matrix, embedding them therefore into the Yang-Baxter algebra. The solution
of the quantum inverse problem was worked out in [94-96].

Using the elements of the monodromy matrix, the product of elementary operators (4.29) can be written

as

1 1
[1Ews,(7) = 1 7a,00). (4.30)
j=L Jj=L

Therefore our approach is to show that the singularity property (4.28) holds for operators of the form
O =X (up)... X (1), where X may stand for any entry of the monodromy matrix, and then evaluate the
limit t; — 0. (We note that here we use the un-normalized monodromy matrix elements to express lo-
cal operators.) We can simplify the calculation even further by noticing that in any product of the form

X (Up) ... X (1), the operators can be ordered in the following way:
X ()X (W2) ... X () = Y. G(W,.., iy )CC...CDD...DAA ... ABB...B, (4.31)

where G(ly,...,y) is some numerical coefficient. To reach the ordering in (4.31), one can use the com-

mutation relations (A.1) through the following steps:

1. First, take every B operator (starting with the first from the right) to the right hand side of the product.
Looking at the commutation relations, we can see that as a result of this step, we end up with a sum

of products, in which each term contains B operators solely on the right.

2. Similarly, we can take every C operator to the left hand side. Now, we are left with a sum of products,
where in every product the C operators are on the left, while the B operators are on the right end of

the product.

3. Finally, we can order the remaining A and D operators. To do this, we need to use the commutation
relation [A, D], which yields the operators C and B in the desired order CB. Then these operators can
be taken again to the appropriate side of the product, and in order to achieve this, we only need to
commute them through other A and D operators. However, this step does not produce any new A and D
operators. Therefore the algorithm outlined here finishes after a finite number of steps. The numerical
coefficient G(y,...,uy) is composed of the functions f and g, appearing from the commutation

relations.

After all these reasoning and simplification, our task is to prove the singularity property (4.28) for a single
product of the monodromy matrix elements, ordered like in (4.31). First, let’s just consider one A operator.
Its action on an off-shell Bethe state, created by the un-normalized B operators is given by (3.57) and (3.58).

From these expressions, it simply follows that its matrix element between states created by the normalized
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operators is written as

N N N N N
OITTcc H (A2)10) = a(u) [T/ AE . 1) OTTCAO) [T BAL)|0)+
k=1 k=1 k=1 k=1 k=1
N . () & N . N . (4.32)
+ Y a(A)el A7) kan OITTCAO)BW) [IBAS)]0).
! e e =
Using (4.25), by taking the limit A5 — A5 we arrive at
N N AG—AB sin(i
OJT< H AP0y = pia ( 1/7l)3 (v —1§) (H ffokN) X
k=1 k=1
s N Nl N ;
x |a(uw)f Ay, ) [TAA ) O TT C) [TB(A)10)™ +
—~ k=1 k=1 k=1
@ (k) . (433)
g B ‘LL A’B — B mod
’;g(uvln) FAN,AP kanm 0|I—[(C A¢)B HB (A4¢)10)
amod (AB) k#n S———— k;ﬁn
amod ()
dnwd()%?) i

The expression on the r.h.s. in the square brackets is however nothing else, but the matrix element calculated
between states with N — 1 particles and with the modified reference state eigenvalues. Exactly in the same

way, for the matrix element of a single D operator we get:
N Y
(0] H C(AO)D H (28)]0) 2,
—1

Sll’l( n) LRl C B B mod
)LC AE (v —1Iy) I I Tiviv | (O] I I C(AS)D I I B(A)][0)™C.  (4.34)
k=1

k=1

For a single A or D operator this proves the singularity property. We can now move onto the case of products
of A and D operators. In order to calculate their matrix elements, we need to evaluate their action on the
off-shell Bethe states. First, let’s look at products of A operators (here for brevity, we omit the superscript B
for the rapidities of the state): .
H H (A)[0). (4.35)
1=1 k=1
To evaluate this expression, the A operators have to be commuted through the B operators. It is obvious
that the result will be a linear combination of states with N particles. The rapidities of these N particles are

chosen from the set {A } 5 U {1t }». We can break up this linear combination according to how many of these



4.2. FORM FACTOR EXPANSION 44

rapidites are chosen from the set {1 } ;. Denoting the number of rapidities coming from {tt },s by K, we can

write
N max(N,M) X v
H ITB®)I0) = Z Lo (Al [ 3wl [BG0 0, 436)
=1 el g=1 k=1
k#nl,...7n1(

where G is a numerical coefficient and ) runs over all those subsets of the set {4}y U {t}y that have N
elements, with K of those elements chosen from {u } 5. Explicitly, if p,,. .., 1, denotes those K elements
that are chosen from {u }y for the subset and A, , ..., A,, those K elements that are not chosen from {4}y,

Yk is written as

M M M N N N
Z Z Z Z )N DD DI (4.37)
1=1 L= Ixk=1 ni=1 np=1 ng=1
127511 lK?éll ----- Ix-1 MyF#N  NKFNY K|

The coefficient G can be calculated using the commutation relation of the A and B operators. Since B is

defined as B(A)/d(1), its commutation relation with A simply follows from (3.53):

d(n)
d(X)

The important feature of this expression is that the r.h.s contains two terms: one where the arguments of the

A(W)BA) = f(A4, 1)BA)A(1) +g(u,A)——=B(1)A(). (4.38)

operators are unchanged, and one where they are switched.

Using (4.38), the coefficients in (4.36) can be computed. For example, in the case of K = 0 all the
rapidities of the resulting state is chosen from {4}y, which means that during the commutation of the A’s
through the B’s, we always keep the term from the commutation relation that preserves the arguments of the

operators. The coefficient Gjj ({4 }n|{tt}u) is therefore given by

=1 k=1

M N
Go(Aw{mtw) =TT <a(uz) Hf(%m)) - (4.39)

Similarly, for K = 1, we only substitute one element from the set {1 }s (let’s say ) into the rapidities to
replace one element from the set {4}y (let’s say A,,). Therefore when commuting A(yy, ) through B(4,,)
we need to take the term from the commutation relation that switches the arguments, while in all other cases
we take the term that keeps the arguments. Looking at the commutation relation (4.38), it is not hard to see

that the resulting coefficient reads as

M

N

G (A {1 3or) = a1 ) fok, o) | TT | @t ( TT £ Chet)) o) | - (4.90
= k=1
k?énl J# ks#ny

Now, let’s look at a generic term of the sum (4.36), in which K number of rapidities are chosen from {t },
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and let’s denote these rapidities by ,,..., 1, while the ones that are substituted for by A,,,...,A,,. The
necessary commutations can be evaluated by keeping in mind that whenever the arguments of the operators
are exchanged a factor of g(u,A)d(u)/d(A), while when the arguments are left untouched, a factor of
F(A, 1) appears.

Let w, be the first substituted rapidity and A, the one which is replaced. In this case there will be
a gy, A, )d(y,)/d(Ay,) factor coming from the commutation relation of A(yy,) and B(A,,), describ-
ing the replacement. From the commutation of A(A,,) and the other B operators will appear the factor
IT ]5; 1 f(Ak, Ap,). Finally, the effect of A(4,,) on the pseudo vacuum will result in the factor a(A,,). In the

ny

case of the next substituted rapidity (y;, replacing A,,) the same factors will appear, except that now it has
to be taken into consideration that one of the commutations will be with B(, ) and not with B(4,,). The
rest of the substitutions go the same way. The remaining A operators with the non-substituted rapidities
commute through the B operators without exchanging the arguments. To take into consideration all of the
possible cases, we have to sum over every n and /. But since both the A and B operators commute with each
other, it is invariant which A is replaced by which . Therefore, to obtain the right result we have to divide

by K!. This leads to the following result for a generic coefficient:

d
G (Al ) = <MM%%J$“ Hme .
k;énl

<l g ) 15

N

H f(lkvlnz) f(.ulwa‘nz) "'a<)t’n1<)g(u11(a)t’nk)d
k=1

k#ny,ny

K—1 M
X H F (s ) (Hf(uzp,knx)> IT [a(w) H fOew) [T Flugw) | @40

P r=1 e{ly,...,l
k;énl n r#ly .. lx k;énl ..... nK gil- Ik}

Multiplying (4.36) from the left with (0|TT}_, C(A) and taking the A — A5 limit, in the r.h.s. only those
terms will give a contribution to the pole, in which A2 is still among the arguments of the B operators.
All these terms will get multiplied by “n(m) (ZC — B TIY=! £5, /5, according to (4.25), and the modified

scalar products will appear with N — 1 partlcles Since in every such G({A}n|{1}m) coefficient where

N & {ny,...,ng} there is a f(A5, &) factor next to every vacuum expectation value a(&), it is true that:

G2 (A Hudm) = G2 ({4 - {1 ya)m? (N & {ni,...,ng}), (4.42)

which means that (4.28) holds for O = HQ’IZI A(W). This computation goes the same way for the prod-
uct of D operators (only the order of the arguments of the g and f functions are reversed). But be-
cause of the linearity of the scalar product this also prove that (4.28) is true for an operator of the form
O =D(u)D(U2) ... D(Um)A(Um+1) ---A(tar): the effect of the products of the A operators on an arbi-
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trary state is a linear combination of states computed above. The effect of the product of the D operators
on each term in this linear combination is another linear combination, with coefficients that can be simi-
larly calculated. However, if the original term (the one obtained after acting with the A operators) doesn’t
contain Af among the arguments of the B operators then it won’t appear there after acting with the D
operators. If it is still an argument of a B operator in the original term, than the appropriate f factor is
present next to the reference state eigenvalue, and it will appear also after acting with the D operators.
This means that in every term that contains B(A5) the appropriate f(Ay,&) or f(&,Ay) factor will ap-
pear next to the reference state eigenvalue a(&) or d(&). Therefore (4.28) holds for operators of the form
O =D(u1)D(K2) - .- D(tm)A(tms1) - - AHar)-

Finally, we need to treat the case when there are C and B operators present in O, like in (4.31). However,
since these additional C and B operators are sorted to the left and right ends of the product, respectively,
they can be considered as extra creation operators for the off-shell Bethe states. Therefore their presence

does not effect the singularity property at all. To show this, we can consider the simplest case, when
O = C(u®)B(uP).

N N Y
OIfTCcA)Cc(u” H (A£)]0) LN
k=1 el
sin(in) 5 ¢ Moo s R o c B\YT mas 2 By (v mod
2T = (IN—1y) kakaN <0|HC(7LI< JC(u™)B(u )HB(;Lk)‘(» . (4.43)
Ay — Ay k=1 k=1 k=1

Similar reasoning verifies that the singularity property holds, even with more C and B operators present,
together with A and D operators. This concludes the proof of (4.28).

In order to calculate mean values, first we need to take the diagonal limit in the matrix elements (4.27):
MR (A v AN {zhn) = lgin}lBM,‘@({AC}N, {(ABIn AN YY), k=1,...,N. (4.44)
& M

It is important to note that here the rapidities {A } 5 are still assumed to be arbitrary, and not the solutions of
the Bethe equations. From (4.26) and (4.28) it follows that the diagonal limit (4.44) is a function of 3N inde-
pendent variables: {A}y, {/}w, and {z}n. Moreover, the dependence on z is linear, with the proportionality
factor given by

a(zNMI(\?,d({A}N,{l}N,{Z}N) _

N—1
= —sinh(n)!(Ay) (H f;%ffzv) MR 4 (AAIN-1, {mod In—1, {Zmoa }n—1), (4.45)
k=1
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where the modification rule for z simply follows from its definition:

0 d An, A
Zmod(a') = lﬁ log (lmod(k)) = Z(A) + lﬁ log <W> = Z(A) + (P()L — AN) (446)
o)

Here we used the fact that the ratio of the f functions gives the scattering phase S. Similarly, from the

definitions it follows that the z variables appear in the Gaudin matrix:

N
Gi=8i[z(A)+ Y 04— X)] — o(A; — A). (4.47)

I=1
In order to compute the expectation values in the eigenstates of the system, the rapidities have to be taken to
the solutions of the Bethe equations. The quantities obtained this way do not depend on the variables {/}y
anymore, because they can be expressed by the Bethe roots, using the Bethe equations. Therefore these

expectation values are the functions of 2N variables:

<O>N ({A}Nv {Z}N) = Ml(ad({z’ }N7 {Z}Na {Z}N) |{7L} solves the BEs> (4.43)
since N : )
R = AGIT:

) = g F o) (449

Note that the expectation values in (4.48) are non-normalized. The dependence on the z variables is still

linear, with the proportionality factor given by

pa) ) N—1
Fr (O)y ({A}n,{z}n) = —sinh(n) (H kaka) (O)n—1 (A N1, {zmoatn—1). (4.50)
k=1
To continue the calculations, it is useful to introduce the form factor Iﬁ‘ﬁ in the following way:

Fl(\?({A‘C}N? {A‘B}N) = MI\CJ)({A’C}Nv {}‘B}N’ {ZC}N? {IB}N)‘{XC}N,{AB}N are different solutions of BEs-  (4.31)

We note that the form factors defined in (4.51) only differ from the ones introduced in (4.16) by their
normalization. It is however more convenient to use (4.51) to finish the proof of the expansion theorem, and
only restore the proper normalization at the end, to recover (4.22). The singularity property for the form
factors are obtained from (4.28) by using the observation that if a set of rapidities {A }y satisfy the Bethe
equations together with the set of {/}y, then the set {A}y_; = {A }y\{Ay} will satisfy the Bethe equations
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with the set {00 tN—1:

N f(z'kvkn) f()’Nuln) g f(}Lka)Ln)
Ay =I(A, =1. .
115G, 70 =50, 20 a7 ! (432
k#n —/_l MR k#n

This means that when in (4.28) the rapidities are taken to be solutions of the Bethe equations, the modified

matrix element appearing on the r.h.s. will be the appropriate form factor with N — 1 particles:

AS—AB
FQ{A v, {A8}y) 222

sinh(n) (A B = B | pO c B
2z (11 it — kI:I1 Ffin | By (A1, {A% v 1), (4.53)
The symmetric form factor is defined as the symmetric diagonal limit of (4.51):

Fys({Adn) = imFY ({2 +eln, {A}v). (4.54)

This quantity is connected to the expectation values by the following theorem:

Theorem 2. The symmetric form factor as defined in (4.54) is equal to the non-normalized expectation
value (O)y {A}n,{z}n) when z; =0, j=1,...,N:

Fys({A3n) = (O)y ({A}n, {0}w). (4.55)

Proof. From (4.28), it is clear that the z dependence of the expectation value originates from /(A1) being
a function of the rapidities. Thus the z independent irreducible part of (O), can be obtained by setting
(A7) = I(AY), where {I"} is a solution of the Bethe equations:

(O)y ({(Ay . {0}) = lim MY ({A” + e} {A"}w, {1%}w, {17} ). (4.56)
On the other hand, the symmetric form factors are — by definition — given by
Fys({Aty) = lim MY ({A" + e}x, {27 {7}, {17}w), (4.57)

where both {/%}y and {I?}y are solutions of the Bethe equations. This means that the elements of both sets

can be written as the products of the appropriate scattering phases S, therefore:
{1t = {I"}w. (4.58)

This concludes the proof. O



4.2. FORM FACTOR EXPANSION 49

To continue with the calculations, we introduce the function S for every bipartitions of the set of rapidi-
ties {A} = {AT}U{A "} in the following way:

SVUA Yy A I {2 Iven) = (—sinh(n))" "

X( [T I ;c_fk_j+>< I1 fﬁ_fk}_>l)({k_}Nn,{Z_}Nn), (4.59)

ALEATI LEA} 1<j<k<n

where ;,;_ =f(A ;’, A ). This quantity depends on the z variables only through the Gaudin determinant, so
it’s derivative with respect to zy is simply reads as

1
S A{+ ns Af —ny n) =
—— (L I N N
( -kfkf)( [1 f,kfk,) P2 van {z Iv—n), i Ave{A7}
Ae{/ﬁ}xke{x } 1<j<k<n
0, if Ay e {At).
(4.60)

The derivative of the Gaudin determinant with respect to zy is easily calculated if the determinant is ex-
panded according to its N*® row or column. Trivially, the dependence is linear and the proportionality

coefficient is given by the sub-determinant:

N

Z1+Z‘P11 Q12 ... —QiN-1

=2
0 —P12 K
—pP({A}n,{zIN) = : . =p({AINv-1:{2moa}n-1), (4.61)
N
—QIN-1 IN-1+ Z PiN-1
v

where on the r.h.s. the determinant is calculated with the modified z values. Hence the derivative of S

becomes
1 d +
b)) 3 SvEAT I AA v {2dv) =

<]ZI_I: kaka) SN1({A T} AL INan—1 {2 g tvn—1), if Ay e{A7},
0, it Ay e {At).

(4.62)

It is important to note that when all the z~ variables in the argument of S are set to zero, S itself becomes
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ZE€10!

SHA {4 Inv—n, {0}n—n) = 0. (4.63)

This is because in this case the Gaudin determinant is zero. (This can easily be seen from Theorem 4 that is
presented and used in the next section.) With the help of all the expressions that we derived so far, we are

now in the position to prove Theorem 1. In order to do this, we first reformulate it a little bit:

Theorem 3. For an arbitrary local operator O, the non-normalized expectation values of the operator in

the eigenstates of the system can be written as

{AINIO{A}N) = Z Fros({A " b Sy (A Yo AX v {27 Jven), (4.64)
a0y

where the summation runs over all bipartitions of the set of rapidities {1}y = {A"}, U{A ™ }n_n.

Proof. We use induction in the particle number N. Let us consider both sides as the multi-linear function
of the z; variables. Our goal is to show that both sides depend the same way on every z; and that their z
independent parts are also equal. We look at the first N for which the matrix element defined by (4.27)
is not zero, and we denote this number by N,;,. In the case when N < N,;,, both sides of (4.64) are
zero, therefore the equation is satisfied. If N = N,;,, there is only one non-zero term in the summation
in the rh.s., namely when {2} = {A}y. This means that on the r.h.s. there is only IE‘I(\%S({A}N) (since

S({127},0,0) = 1), therefore it is z independent. The Lh.s. is also independent of z, which follows from
(4.50) and the fact that <(’)> _; = 0. But the z independent parts are equal according to Theorem 2. Thus
(4.64) is satisfied in this case. Now let us suppose that (4.64) is satisfied for every N < M, and examine the
N = M case. In the r.h.s. only those terms depend on z;, where z; € {A~}. By taking the partial derivative
of it with respect to z;, the initial summation is getting modified to a new one, going over all the bi-partitions

of the set {A}n_1 = {A}n\{A;} (this follows from (4.62)). This new summation, however, gives exactly
(O) ({A}n-1,{zmoa}n-1) (multiplied by the factor — sinh(1) [Txz; fx;fix):

8‘9 Y FOAT SN A Y A Yo {2 dve) | =

Zj "
{ATu{A™ }

N
= (—sinh(n)) | T fin S Z Fros({A 1)y 1 ({2 1 AA Ivn 1, {zmoa IN-n1) =
=y, Ao

(O)Y({AINv-1,{zmoa In-1)

_ ai (O (. (). 465)

Here we used the induction assumption, equation (4.50) and that {A " }*U{A~}* = {A}nx\{A;} = {A}n-1.

This demonstrates that the z dependence of the two sides are equal. To investigate the part independent of
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the z variables, we have to take all of them to zero. In this case on the r.h.s. only Fﬁs({l}/\/) remains. Since
(O)y {A}n,{0}y) = FS’S({A}N), the two sides are equal. This completes the proof. O

Theorem 1 and Theorem 3 are equivalent: the former is recovered from the latter by dividing (4.64) by

the normalization factor (3.65):

1
(OITTEZ C(A) TI- B(A4)[0)

Y F A SN (A S AA I Jav) =
{ATu{a~ }

~1
= p({i}) Z Fr?s({lJr}n) ((—sinh(n))"Hf()k,j,kf)f()tf,k,j)) p({A" n-n). (4.66)
Vo) -

F5({At})

With this, the proof of Theorem 1 is complete. In the remaining sections of this chapter, we use this theorem

to prove the current mean formulae (4.4) and (4.5).

4.3 Calculation of the form factors

The expectation values of the conserved charges are known from the Bethe Ansatz solution, therefore the
symmetric form factors corresponding to these operators can be calculated directly, using the expansion

(4.22):
N

({ 5 X QeliAhptATh = g (4.67)

{ATju{a~) -

h \

This is an algebraic relation valid for any finite volume L and particle number N that can be used to recur-
sively obtain the form factors of the charge operators. Before turning to the general case with arbitrary N, it
is useful to examine the form factors with few-particle states to gain insight.

4.3.1 Few particle cases

Starting from N = 1, one can recursively find the form factors of the charge operators:

* N=1:
Substituting p(@) = 1 and Q4 (0) = 0 to (4.67) leads to
A
0u(h) =P Mg ) (4.68)

Using that p(A1) = p/(1)L, yields the result

Qu(A) = qa(A)p'(A). (4.69)
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e N=2:

Writing out (4.67) in the two particle case gives

1

%(Qa(ll) +qa(A2)) = o(h ) (Qa(A1,12) + Qa(M)p (M) + QalA2)p (M) (4.70)

Rearranging for the two particle form factor, using the expression obtained for the one particle case

above and the determinant of the 2 x 2 Gaudin matrix

i) =| "IV O L () )+ L)+ (). T
result in:
Qi 2a) = PARIZPEVRER) (1) 1 g 1)) = .
= (9a(M) +qa(A2))(P'(41) + P (22)) P12
* N=3:

In the three particle case, after using the expressions for the one and two particle form factors, the

expansion (4.67) leads to:

qdo(M) +qa(h2) +4a(s)

Qa(M; M2 A3) = I
x [p(A1,22,43) = p(A1)p (A2, 43) — p(A2)p (A1, 43) — p(A3)p (A1, A2) +2p (A1)p (A2)p (A3)]-
(4.73)
Substituting the value of the 3 x 3 Gaudin determinant
P(M)L+ @12+ 13 —012 —13
p(A,A2,23) = —Q12 P (A2)L+ @12+ @3 — 3 =
— 013 — @23 P (23)L+ @13+ @3 (4.74)
=L’p' (M)p' (M) p' (3) +L2[ (@13 + @23) ' (A1) (A2) + (@12 + 923) ' (A1) (A3) +
+ (@124 @13) P’ (22)P' (M3)] + L[ (P (M) + P'(A2) + P'(A3)) (912013 + 912023 + 913023 ],
back to (4.73) produces the result for the three particle form factor:
Ay 22, A3) =
Qu(M1,22,43) “475)

= (qa(M)+9a(A2) + qa(13)) (P (M) + P'(A2) + P'(23)) (@12013 + 12023 + @13¢23).

The expressions (4.69), (4.72) and (4.75) give the symmetric form factors of the conserved charges in the
one, two and three particle cases, respectively. Using (4.20), one can easily obtain the corresponding form
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factors of the (generalized) current operators as well:

TEA) = qa(A)gp 1 (M),
T8 (M, 22) = (qa(M) +4a(12))(gps1 (A1) +qp1 (A2) iz,
TE M\ 22, 03) =

= (9a(M) + ga(X2) +9a(A3)) (gp+1 (M) +gp+1(A2) + qp+1(A3)) (@12013 + @12023 + P13¢23).

(4.76)

In principle, this recursive method can yield all higher symmetric form factors of the charge and current
operators. However, for N > 3, the procedure becomes more and more tedious. For the general value of N,

an alternative treatment is more convenient.

4.3.2 General case

To obtain the form factors in the general case, we have to recall that they are do not depend explicitly
on the volume L (this is transparent from the already calculated form factors above). Their only volume
dependence comes through the solutions of the Bethe equations, the Bethe roots and the normalization of
the eigenstates. Therefore, an expression for the Gaudin determinants is needed that allows for examining
their dependence on L and can be substituted into the expansion (4.67). There exists such an expression, the
so-called matrix-tree expansion that represents the determinants of matrices with special properties, using

graph theoretical notions:

Theorem 4. Let G jx be an m x m matrix that can be written as the difference of a diagonal matrix D and a

matrix K with elements summing up to zero in all of its rows:

Gjk = DyOjx — K,

m 4.77)
Y K =0, j=1,...,m.

Then the determinant of G ji is given as a sum over the directed spanning forests of the totally connected
graph with m vertices. A graph F is said to be the directed spanning forest of the graph I, if F is a directed
subgraph of I' and satisfies the following properties:

1. F contains all vertices of T,
2. F does not contain any circle,
3. each vertex of F has at most one incoming edge.

Vertices without incoming edges are called roots. Every spanning forest is made up of connected subgraphs,

called trees. Every tree contains exactly one root. With the help of these notions, the determinant of G j;. is
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given by:

JER(F) lweF

detG:Z< IT o [1 Kuv> : (4.78)
F

where F goes over all spanning forests of the totally connected graph, while j and 1, run through the roots

and the edges of F, respectively.

For a proof, see [97]. It is obvious that the Gaudin matrix satisfies the conditions in Theorem 4, therefore

(4.78) can be used to express the Gaudin determinants:

JER(F) IweF

p(Ai,.. A Z( [T LI %V). 4.79)
J'_'

For better understanding, the graphs present in the right hand side of (4.79), and the factors corresponding
to them are presented in Fig. 4.2 for the cases of N = 1,2,3. Since every spanning forest contains at least
one root, therefore the Gaudin determinant p(A1,...,Ay) is a polynomial of degree N without a 0" order
term with respect to L. This means that in the L — 0 limit p also goes to zero. We can use this property to

obtain the form factors of the charge operators, by rearranging (4.67) and taking formally the L — O limit:

a({A}n) = (Z qo (M) ) lim (M) (4.80)

where we used the fact that neither the form factors, nor the charge eigenvalues depend explicitly on the
volume. From the expansion (4.79), it is easy to see that the terms linear in L in the Gaudin determinant are
given by those spanning forests that contain exactly one root, that is the spanning trees. To add up all the
contributions coming from these spanning trees, one can use the fact that the function ¢(4; — A¢) is even,
therefore @ = ¢y, and the direction of edges in the directed spanning graphs is irrelevant. As a resul, it is
enough to consider every possible tree-like spanning graph of the totally connected graph with N vertices,
without directions of the edges. To consider every possibility, in every such non-directed spanning tree each
vertex has to be chosen once as root. But since the factors coming from the edge-structure is the same for

a fixed spanning-tree, the factors p’(A)L corresponding to the roots can be pulled out. Finally this leads to

N
lim <M> = </;1 P' (&) ) <Zl:[¢uv> : 4.81)

where now F runs through all rootless spanning trees. From (4.80) then it follows that the symmetric form

the result

factors of the conserved charge operators are given by

a({Aty) = <an (M) ) (

le

/ m) (ZH¢W>. (4.82)
.F] lmz
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N=1:
~——
p'(M)L
N=2:
p'(A)L? Lq)]z P (A2)Len
N=3
P(A)p (A2)p' (A3)L?
P (M) L* (@13 + ¢23) P (A3) L2 (@12 + ¢3) P (A3)L* (@12 + 913)
((P13(P12+<P12(P23+(P13<P23 L(@12023 + 012013 + 923013)
<P13 O3+ Q13012 + ¢23</>12

Figure 4.2: The graphs and the corresponding factors present in (4.79) for the cases N = 1,2,3. The numbers label
the Bethe roots, the squares denote the roots, while the circles the other vertices. The edges are directed, however

Qi = Qj, therefore the directions are not relevant. The expansion (4.19) indeed reproduces the appropriate Gaudin
determinants.

Using the fact that %if = gp+1(A) and the connection between the charge and current form factors (4.20),
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N=1: N=3:
@
1
N=2: ?12013

Q12023 P13¢023

Figure 4.3: The graphs and the factors corresponding to them summed up in the expression (4.83). Comparison to
(4.76) shows that (4.83) indeed correctly reproduces the symmetric form factors of the current operators.

we get for the latter that
N
Te (M) = (Z qa (M) ) (Z 61;3+1(7Lk)> <ZH<PW> : (4.83)
k=1 Fi Lo

Again for better understanding, the graphs summed over in (4.82) and (4.83), together with their contribu-
tions to the form factors are depicted in Fig. 4.3 for the cases N = 1,2, 3, showing that (4.83) indeed recovers
the already obtained form factors (4.76).

4.4 Summation of the form factor series

With the knowledge of the symmetric form factors of the current operators, their mean values are obtained

by summing up the expansion

Y JEUATHe(ATY). (4.84)

B =
{A N (DA IN) = p({A}wn) {(A+10{a-}

Similarly to the calculation of the form factors, it is useful to first consider the few particle cases explicitly
to verify the mean value formulae (4.4) and (4.5), before treating the general situation with N particles.
4.4.1 Few particle cases

Using the symmetric form factors (4.76) obtained in the previous subsection and the form of the Gaudin

matrix, it is easy to calculate the current mean values for the one and two particle cases.

e N=1:
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In the one particle case, the form factor expansion (4.84) gives

TEA)  qaM)gpii(X)

AIB L) = = . (4.85)
(AlalA) p(A) p'(A)L
This is indeed agrees with the value obtained from the mean value formula (4.5):
» qa(A)qp11(1)
. . = 4.

where we used that in the one particle case the Gaudin matrix is just a scalar G = p/(1)L.

e N=2:

The form factor expansion now reads as

1y — P4 B(2) +0 () TE () + TE (A1, 22) 1
ll]gl (A1) T (A2) +p(A2) Ta (M a \AMH,A2
< 1, 2| ’ 1, 2> ( - 2) — ( - z)x
x [P/(;Ll )LQa(;Lz)q[;+1(7Lz) —i—p/(lz)an(?L])qﬁ () + (4.87)

+12(ga (M) +4a(12)) (g1 (A1) +p.1(22) |

The inverse of the 2 x 2 Gaudin matrix is given by

! L
G Aa) = — (P RL+ P2 o , (4.88)
p(A1,22) o12 P'(M)L+ o1
and the mean value formula reproduces (4.87):
_ 1
Qg1 G o = = | P/ () Lga (M) 1 () + P (A2 LA )1 (A1) +
p(A1, ) (4.89)

+ 00 (M) + qa(22)) (g1 (M) +ap.1 (1))

4.4.2 General case

The Gaudin determinants do not contain the charge eigenvalues, therefore it is clear that on the right hand
side of (4.84) they can enter only through the form factors. It is also obvious that every possible product of
the form g4 (A;)gp+1(A) will appear with some coefficient. These coefficients are built up of many contri-
butions, stemming from the Gaudin determinants and the part of the form factors given by the summation

over spanning trees in (4.83). Nevertheless, it is trivial that the r.h.s. of (4.84) can be written in the form

Y JuiATHp(AT) =dpi1-A qa, (4.90)
{ATIu{A~}
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where A is an N x N matrix containing all the coefficients of the terms go(4;)gp.1 (), and is given by

A=), (Z I1 <ppq>p(7t‘)~ (4.91)
{ATYU{A} \ T lpg€T
Ajk€{A"}
Here the summation inside runs over 7, the non-directed spanning trees of {A*}. Using this notation,
proving the mean value formulae (4.4) and (4.5) is reduced to showing that A is the adjugate matrix of the
Gaudin matrix G, or equivalently that A- G = detG - 1, where 1 is the N x N identity matrix.
Thus in the rest of the section, we show that Z?]:1 GjiAjx = 8ji-det G. This matrix product can be written

out explicitly using the matrix-tree theorem for the Gaudin determinant:

M=

~
I
—_

N
0ji [p;-L—I—Z(Pjs] —(le] X Z (Z H q’pq) (Z H an H (Puv> ) (4.92)
s=1 {ATY0{A} \ T 1pgeT F neR(F lweF
A.kVIG{A,Jr

where F denotes the directed spanning forests of {4~ }. First, we show that the diagonal elements of this
matrix product give detG. To do this, we consider the j = k case in (4.92) and we split the outer summation
over [ into two parts: to the [ = j and [ # j cases.

In the case of [ = j, the sum of the ¢ terms from the Gaudin matrix appears, multiplying the appropriate

terms in A. These can be written in the following way:

Z(pjs Z (Z H ‘qu) (Z H an H (Puv> =
(A0 \ T 1pg€T F neR(F lwEF
i Ae{it)

(4.93)

{Aryu{a} {Aju{a-}
AjE{AT} AE{AT}
Ae{A}

Lo, B ()0 2 ()

Here in the second line, we denoted the terms inside the summation with (...) for brevity. Using this equa-

tion and renaming the summation variable / to s in (4.92), we can finally arrive at the following expression
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for the diagonal elements of the matrix product (4.92):

PiL ), (Z IT <qu> (Z IT P.L T1 qouv)

{ATYU{A=} \ T €T F neR(F) Ly€F
Aje{A*}
4.94)
N
+Z (Pjs Z (Z H (PP‘]) (Z H an H (Puv>
=1 {ATYU{A} \T lpgeT F neR(F lw€F
57 re{aty
Ase{A™}

Looking at this expression from the graph theoretical point of view, and using the matrix-tree theorem, it
can be shown that this is indeed det G: in the first term for every bi-partition the summation over 7 (together
with the p}L factor) gives the contribution of every such directed spanning tree of {A*} in which A, is the
root. Together with the summation over F, which is just the contribution from every directed spanning forest
of {A7}, the first term contains all such directed spanning forests of {4} in which A; is one of the roots.
On the other hand in the second term the summation over 7 gives the contributions from the free (rootless)
spanning trees of {17 }. These are ,,connected” to one of the spanning trees in the spanning forests of {1~}
by the factor @j,. Since {47} and {A~} are disjoint sets, this connection cannot create circles, so the result
is still a spanning tree. Furthermore, since we sum over s, this connection is realized in every possible way,
which means that the second term gives the contribution of every spanning forest of {4} in which A; is not
among the roots. Altogether the two terms contain the contribution from all of the directed spanning forests
of {4}, which is just det G according to the matrix-tree theorem.

For the off-diagonal elements of the matrix product (4.92) the same steps can be performed. To show
that in this case the result is zero, it is convenient to investigate those terms that contain p’j, and afterwards

those that do not. The ones that contain p’j are

) (z 1 %,) (): I 7T qow)—

{ATYU{A} N\ T lpgeT F neRr(F LwEF
Ajke{A"}
(4.95)
_Z Qjs Z <Z H q’pq) Z H an H Puy
= {ATYU{AT} \T €T F neR(F IwEF
= hseA} perted

Aje{r}

In the second line j € R(F) denotes that here we consider only those spanning trees of {A~} in which A, is
one of the roots. Because of this we can pull out a p;-L factor from it. Similarly to the previous argument,
it can be shown that this whole expression is zero: in the second line, for every partition the spanning tree

in F that originates from A; is connected to a spanning tree in 7 by @}, and the result of this connection is
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still a spanning tree. Since there is a summation over s, all possible connections are included. This means
that the second line contains all such spanning trees that include A; and A, beside all the spanning forests of

{A~}. But the first line is exactly the same, so their difference is zero. The terms that do not contain p} are

M=

o T (z B q,,,q) (z I e 1] «pw>—

s=1 {ATIUA} \ T LyeT F neR(F lweF
57 Ajke{A"}
As€{A"}

- (4.96)

o ¥ (z 1 %q) ¥ T i IT o

{ATYU{A} \T bpgeT F neR(F) LyEF
Aes€{AT} JER(F)
Ae{a™} ]

Here in the first line A; € {A*} and A, € {1}, and they are connected by @, while in the second line they
are reversed. Since we sum up for every s and every bi-partition (and since A; cannot be a root in the second
line) the difference is zero. This completes the summation of the expansion and the entire proof of the mean
value formulae (4.4), (4.5) as well.

This completes the proof of the current mean value formulae: by summing up the form factors of the current
operators according to the previously proven Theorem 1, we showed that (4.4) and (4.5) indeed correctly
give the current mean values. Although in most of our calculations in the last two sections, we focused
on the generalized current operators, the expression for the physical currents (4.4) follows from (4.5) as a

special case.

4.5 Summary

In this chapter, we presented our results for the mean values of current operators in Bethe Ansatz solvable
systems, based on the work [82]. The main result is given by equations (4.4) and (4.5). These formulae can
be considered as the finite volume version of (2.9), and as such serve as a rigorous theoretical foundation for
one of the underlying assumptions of GHD.

Even though at some points of our proof, we focused on the special case of the XXZ model, our result is
rather general and applicable to other Bethe Ansatz solvable models. The key ingredient of the proof is the
form factor expansion theorem (4.22), which we proved for the XXZ model, by analyzing the singularity
properties of the form factors. However, similar expansion theorems can be established for other integrable
models as well (for integrable QFTs see [90], while for the Lieb-Liniger model [91]). Once the expansion
theorem is obtained, the remaining steps of the proof are the same: first, to calculate the symmetric form fac-

tors of the conserved charge and (by utilizing the continuity equation) the corresponding current operators.
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Then, to sum up these form factors, according to the expansion theorem.

The connection between our finite size results and (2.9) were established by a semi-classical picture.
Due to integrability and the factorized and completely elastic scatterings, the derivations within the semi-
classical picture are valid in the full quantum theory as well.

In this work, we restricted our attention to strictly local charges. However, in the GGE description and
therefore in GHD, quasi-local charges have non-negligible effects. For these quasi-local charges our result
is expected to hold up to exponential corrections in the system size, caused by the contributions of operators
with exponentially decreasing amplitudes in the charge densities.

After the completion and publication of [82], a series of works investigated the current mean values in
integrable models: Nested systems, where the fundamental excitations possess internal degrees of freedom
were treated in [98], using a connection to long range deformed models. The algebraic construction of
current operators were obtained in [99], embedding the currents to the well-known framework of QISM.
The results of [82, 98, 99] were also summarized in the review article [83], together with some new results.
In [100], the results (4.4) and (4.5) were rederived in an integrable QFT setting. Independently, in [101] the
current mean values were studied directly in the thermodynamic limit, using a completely different method
compared to ours, and (2.9) was verified. Finally, the extension of the results (4.4) and (4.5) to non U(1)
symmetric systems were given in [73], based on the algebraic construction of the current operators [99].

This extension is the topic of the next chapter.



Chapter 5

Current mean values in the XYZ model

In the previous chapter, we obtained a formula for the current mean values of the XXZ model in finite
volume, and argued that this result supports the assumptions of Generalized Hydrodynamics. Our deriva-
tions used the Algebraic Bethe Ansatz technique, and as such heavily relied on the U(1) symmetry of the
investigated model. However, there exist integrable systems without U (1) symmetry, and GHD itself does
not depend on the U(1) symmetry either, only on the existence of the extra conserved charges. Despite of
this fact, all previously studied cases in the literature were models with particle number conservation. This
circumstance naturally raises the question: how can we establish a GHD description in integrable systems
that lack U (1) symmetry? In this chapter, we take a first step in answering this question, by calculating the
current mean values in the XYZ model.

Similarly to the case of the XXZ model, computing the expectation values of local operators is interest-
ing in its own rights as well, independently from GHD. Due to its mathematically more involved solution,
there are fewer results known in the XYZ model, however. The works that treated this system include the
calculation of correlation functions at the so-called cyclic points in [102] and the computation of multiple
integral formulas in [103] and in [104-106] as well. Also, the scalar products of Bethe states were consid-
ered in [107, ] and more recently even form factors of local operators were calculated in the framework
of generalized ABA, in the free fermion limit [109]. Our study of the expectation values of certain local
operators, namely the currents, fits into this line of research.

The work presented in this chapter is based on [73] and is organized as follows: first, in Section 5.1, we
state our main result for the current mean values. As we shall see, these take functionally the same form as
in the U (1) symmetric case. However, the proof of the results is carried out in a completely different way.
It builds on the algebraic construction of the current operators, which is summarized in Section 5.2. Using
this algebraic construction together with the generalized ABA technique that was introduced in Subsection

3.3.3, our proof is completed in Section 5.3.
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5.1 Current mean value formula

In this chapter, we obtain a mean value formula for the currents of the XYZ model. The current operators
are still defined as in equations (4.1) and (4.3). Explicit expressions for the first few operators can also be
found in Appendix B.

Our main result for the mean values of these current operators in the (normalized) eigenstates of the

system take the same functional form just like in the U (1) symmetric case:
Moo Al B ()AL ) = dy - G, (5.1)

where q, and q’ﬁ are still n-component vectors (n = L/2) with elements now given by the one-particle charge
eigenvalues (3.86), while the Gaudin matrix G is the logarithmic derivative of the Bethe equations (3.83).
Here only the formula for the generalized currents is written, the special case of the physical currents simply
follows from it.

The fact that the same functional form still holds in the model with broken U (1) symmetry, is not trivial.
Due to the lack of particle number conservation, CBA breaks down, and even though the Hamiltonian can be
diagonalized by a generalization of the ABA, the interpretation of the rapidity variables is not so clear in this
framework. Moreover, there are no single particle excitations, all eigenstates of the model contain n = L/2
rapidities. As a result, the simple semi-classical picture of Subsection 4.1.1 cannot be applied anymore.
Nevertheless, the fact that (5.1) is still valid shows that the rapidity parametrization of the generalized ABA
method is useful to describe not just the charge, but the current mean values as well, and that the key
ingredient behind all of these considerations is integrability, regardless of U (1) symmetry.

In the rest of this chapter, we prove (5.1), by closely following the steps and presentation of [73].

5.2 Algebraic construction of the current operators

The Quantum Inverse Scattering Method, which we summarized in Section 3.3, has long been used to
construct the conserved charge operators in integrable systems. Nevertheless, current operators have only
recently been incorporated into this framework [99]. Our proof of (5.1) relies on this algebraic construction,
so we briefly review the findings of [99] here.

We examine a general integrable system characterized by an R-matrix R(u) that meets the Yang-Baxter
equation (3.35) and the regularity and unitarity conditions (3.40). The model’s monodromy and transfer
matrices are given by (3.39) and (3.32), respectively. Rather than calculating each conserved charge operator

individually as in (3.37), we define a generating function for all the global charges:

it(u). (5.2)

O(w) = (~i)r ") 5

This definition agrees with (3.51) (up to factors of i) and the canonical charges are given as the coefficients
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of the Taylor expansion of Q(u), around u = 0. A charge density for this generating function can be found:
O(u) = Y5 4(u, j) with

au, j) = (=it () ey [T () Ry () TV (w)]. (5.3)
Here 7,721 (u) is a partial monodromy matrix defined on the segment [, ..., j2]:
Tg[jb.il] (1) = Raj, (1) ... Ry j, (). 5.4)

Similarly to the charge operators, we can define a generating operator for the currents as well:

a2 vﬁ—Z

f(uvvhj)ZaZZﬁZZ (:_2),(13_2)'],3(])7 (5.5)

where /5 (j) are the generalized currents, defined in (4.3). The generating functions Q(u) and J(u,v, j)

satisfy the generalized continuity equation:

A

i[0(u),q(v, /)] = F(u,v,j) = F(u,v,j+1). (5.6)

Using this continuity equation and the Yang-Baxter equation (3.35), it can be shown [99] that the current

generating function is given by the following expression:
Juv, j) = —1t(v), 2 (u,v, j— 1)t~ L(v), (5.7)
where Q (u,v, j) is a ,.double-row” operator defined as
Q) = Wi W T[T O L (00w T T ). 68)

Here a and b are two different auxiliary spaces, and ©,;(A,u) is an operator acting on these auxiliary
spaces:
Oup(A; 1) = (—i)Rpa(H, 1) O Rap(A, 1). (5.9)

From (5.7) it simply follows that the mean values of the current generator in the eigenstates of the model are
given by:
(YA, )P = =0 (PIQA, 1, j— 1) W) (5.10)

Expressions (5.7) and (5.10) show, how the current operators and their mean values can be constructed in
the QISM framework. Moreover, using a trick first developed in [110], the mean values of the operator

Q (A,u,j) can be related to the eigenvalues of a transfer matrix of an enlarged spin chain. Let’s consider
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the following monodromy matrix:
T, (2) = Rara(A, 4+ €)RETY (0, M) Ta(R), (5.11)

where T,(A) is the original monodromy matrix of a chain of length L, and [...]"-+! denotes partial transpo-
sition with respect to the physical space at site L+ 1. Since the R-matrices introduced on the two extra sites

also satisfy the Yang-Baxter relation, it implies that the transfer matrix defined as
17 (A) = T[T, (1)) (5.12)

also forms a one parameter family of commuting operators. At € = 0 the two extra sites decouple from the

rest of the chain, and the eigenstates of the enlarged transfer matrix take the following form:
trA)(18)@[P)) =Ar(A)(18) @ |P)), (5.13)

where the ,,delta-state” |§) is given by the components J; ; in the computational basis, while |¥) is an
eigenstate and Ar(A) is the corresponding eigenvalue of the original transfer matrix #(4). Switching on a
non-zero € affects the eigenstates and eigenvalues. Let ") be the eigenstate of 17 (1) that in the € — 0 limit
becomes |0) ® |¥), and AT (A|u,€) the eigenvalue corresponding to |¥'*). Then a first order perturbation
theory computation gives that

A d
(PIQA, 1, HI¥) = i log AT (A ) (5.14)

e=0

Accordingly, the mean values of the current generating function are then given by:

) . (5.15)
e=0

Expression (5.15) shows that the current mean values are closely related to transfer matrix eigenvalues,

N . . d
(PGt DIP) = =i, ( e log A" (k2,0

which can be calculated by standard methods of integrability. For the case of the XXZ model, (5.15) was
evaluated in [99]. In the next section, we extend this calculation to the case of the XYZ model, proving
(5.1).

5.3 Proof of the mean value formula

As discussed in the previous section, the mean values of the currents are directly linked to an auxiliary
eigenvalue problem for an enlarged transfer matrix. This eigenvalue problem can be addressed using stan-
dard integrability techniques, which accounts for the existence of simple formulae for the mean values of
the current operators. In the rest of this chapter, we solve this auxiliary eigenvalue problem and perform

the required differentiation in (5.15) to establish our main result (5.1). Our approach closely follows the
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calculation in [99] for the XXZ spin chain. The primary difference here is that, rather than the traditional
Algebraic Bethe Ansatz, we employ the generalized method outlined in Subsection 3.3.3.

First, we apply local gauge transformations to the additional two sites in exactly the same manner as
in (3.67), with the transformation matrix still defined by (3.69). The resulting enlarged, gauge-transformed

monodromy matrix is then given by

l _
() = ML+2+I

Af(2) Bf (M)
(AT, (A)M(A) = <C,{*(/1) D}@). (5.16)

As the next step, we need to define local reference states for the additional two sites. Using the crossing
relation (3.47) and the addition theorems for the theta functions (see Appendix D), it is straightforward to
verify that the local state at site L+ 1, defined as

@ 1 (1) ) = Bals (LA+00 — ) [tr01) = D1 (s (LD = 41) [bz) (5.17)

satisfies the following relations:

of 1 (A) |oh (1)) = m o1 w),
81(A) @4 (1) > oy (u > (5.18)

N1 (A ’(ULH u)> =0.
Similarly, for site L+ 2 the reference state can be chosen as
|0 2(1,€) ) = Bi(s+ (L4240 — =€) [f142) + Oals + L2+ DN —p =) [L2). (5.19)

The action of the local operators are then given by:

o 2(V) |0f 5 (1,8)) = 0Tk €) ),

WA —u—
e atibe)), (5.20)

To(R) 0] o (i,€)) = 0.

8112(2) ’(L’£+2(u,s)> =

Based on the local actions (5.18) and (5.20), it is clear that the global state written as

@) =ol)@lal) oo o} ) @of (1) ©|of H(ue)) (5.21)
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is a proper reference state, satisfying the following relations:

A=
AWl - ot jor).

(A—p—n
oy h(A—p—eg) hA) N\ ot (5.22)
Dl ()’H‘Ql >7h(l—,u—8—|—1‘[) (h(l—i—n)) }'Ql-i-1>7

¢t a)|ey) =0,

In order to obtain the eigenstates and eigenvalues of the enlarged transfer matrix, we again consider the more

general transformations
+ +
T () = b (AT (M(A) = (Akv’(“ B’@’“i) . (5.23)

The R-matrices introduced at the two additional sites satisfy the Yang-Baxter equation, so the R7 T -relation
(3.36) continues to hold even for the enlarged monodromy matrix 7,7 (1). As the transformation matrices
remain unchanged, the elements of the enlarged, gauge-transformed monodromy matrix Ta+(k’l) (1) obey
the same commutation relations (3.76) as the operators A ;(A), By (A ), Cii(A), and Dy ;(A) in Subsection
3.3.3. Consequently, the eigenstates and eigenvalues of the enlarged transfer matrix can be derived in the
same manner as for the original chain. The only differences compared to the expressions (3.80), (3.82) and
(3.83) are that the eigenvalues of the operators A;(A) and D;(A) must be replaced according to (5.22), and
the number of rapidities n increases by 1, as the length of the chain is extended by 2. Thus, the state

B (M, d))y = Y T (A, ) (5.24)

|=—c

with
B (R A)) = By (A1) B () |21, (525)

and m =n-+1=L/2+ 1, is an eigenstate of the enlarged transfer matrix, with eigenvalue

o h(A—u) _onig h(A—p—eg)
AT(A €)= 2wig T\ M) o )L,l + 2mif %
(&) =y Lo A+ = e

h) L m (5.26)
(i) e
given that the modified Bethe equations are satisfied:
h(ljun)h(lju@( h(2)) >L:e4m9ﬁw_ (527)
h(Aj—wh(Aj—p—€e+n) \h(d;+n) ,z;}a(lk,lj)

Once the eigenvalue of the enlarged transfer matrix (5.26) is obtained, the remaining task is to carry out the
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differentiation in (5.15). To accomplish this, we need to examine how the Bethe roots behave in the limit
€ — 0. As demonstrated in [99], in the limit € — 0, the two additional sites decouple, and (some of) the
eigenstates of the enlarged chain take the form

) ) = AR A (18)© [P (A, ) ) (5.28)

where |¥(A1,...,4,)) is the eigenstate and Af(A|A1,...,4,) is the eigenvalue of the original chain. In this
limit, the m = n+ 1 rapidities go to the set {u,A;,...,A,}, where {4;,...,4,} are the Bethe roots of the
original chain. This becomes apparent by examining the transfer matrix eigenvalue (5.26):

¢ h(l—u—n)a(k’“)ga(l7k’<)+
_27i0 h(l—‘u—e) h(l) L _ n N (529)
e h(A —p—e+n) <h(k+n)) a(“’l)kl;lla()tk’l)’

which clearly goes to Af(4|A1,...,A,) in the limit € — 0, fi — u, and A; — A; (using the fact that h(A) is
odd).
Therefore, in the limit € — 0, the solutions of the Bethe equations (5.27) become

fi=p+ey+0(e), Aj=Aj+eAA;+O(e?). (5.30)

The results of [11] and [69] suggest that the parameter 6 in the Bethe equations does not change as € varies,
which we also checked numerically. Thus, it is sufficient to focus on the €-dependence of the Bethe roots,
with 6 treated as a constant throughout the calculation.

The factor y can be obtained from the Bethe equation written for the rapidity fi:

WA —p—mh(E—p—e) ( h(@) \ P aGed) _ o
A—mh(p—p—e+n) (h(ﬂ+n)> 18 P Wik (5.31)

For |x| < 1, the function i(x) behaves linearly (h(x) = x), so taking the limit € — 0 in (5.31) results in:

1_y< h() )L T &R anie 532
v \h(u+n) ;ga(u,lk) o o

Therefore, ¥ is given by:

_au) _aime (M) O\ o u)
Y= ) where  a(u) =e* 9<h(u+n)> /L]l o (5.33)

M)
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Similarly, AA4; can be obtained from the logarithmic form of the other Bethe equations:

p(Aj—pu—€)+p(Aj—pu—n)+8(A;— i) +Lp(A) + ¥ 8(A;— A) = 27(Z;+26), (5.34)
k#j

where Z; € 7Z, and the functions p(4) and (A ) are defined as:

, h(4) ; h(A+1)
ip(A) _ __"\"V) io(A) AT )
=y C Ty -39

From (5.34), the vector of rapidity shifts AA can be expressed as:
G-AA =H(u), (5.36)

where
n

d(2rnZ,
e=0

G'ik - 8%

=1
is the Gaudin matrix with ¢(A) being equal to 6’(A1). It is important to note that the first three terms in

(5.34) do not contribute to the Gaudin matrix, since their A-derivatives vanish when € is set to zero. The

quantity H(u) is a column vector with entries given by:

a(u)

o). (5.38)

Hi(u) =p' (M —u)

The derivative of the transfer matrix eigenvalue of the enlarged chain (5.26) then can be calculated by using

(5.33) and (5.36). A somewhat lengthy and technical computation yields the result:

i(flogmvm,e) ) =H(v) G~ H(w)+ (1, V) +1(v,p), (5.39)
€ =0
where
l( V) _ p,(V—‘U) (5 40)
Y = T a() (a1 (v) |

To calculate the current mean values, one needs to differentiate (5.39) with respect to v and perform a Taylor
expansion in 4 and v around zero. For |u| < 1, the function a(u) behaves as a(u) ~ u*, allowing us to safely
substitute it with zero. Consequently, H(i) can be approximated as Hy (1) ~ p’(Ax — u). Additionally,
I(u,Vv) can simply be set to zero. With these substitutions, we arrive at the exact result for the current mean
values:

Aty Dal B (DAL, ) = -G, (5.41)
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where (o and q;; are column vectors with elements given by

dqg(A;
(40) ; = qa(2;), (ap), = qz; ’), (5.42)

with g4 (A) being the charge eigenfunctions, defined in (3.86). Here, we also used that p’(u) = (—i)e(u) is
the energy eigenfunction. This completes the proof of the main result (5.1).

In Appendix C, we also provide numerical validations of the main result (5.1).

5.4 Summary

In this chapter, we extended the results of Chapter 4 to an integrable system without U (1) symmetry by
obtaining a current mean value formula (5.1) for the XYZ model in finite volume. The proof of this formula
was carried out by using the algebraic construction of the current operators and a generalization of the ABA
framework that allows one to diagonalize the XYZ Hamiltonian.

Remarkably, the formula (5.1) takes the same functional form as its U(1) symmetric counterpart (4.5)
in Chapter 4. At first glance, this might be surprising considering that the Bethe states have a significantly
different structure in the non U(1) symmetric case: there are no single particle excitations and the semi-
classical picture of Subsection 4.1.1 breaks down. However, as it was already argued in Chapter 4, the key
element behind the derivations is integrability, which still holds for the XYZ model. The eigenstates and the
charge eigenvalues still can be characterized by a set of rapidities, and our result shows that these variables
also convenient for describing the current mean values.

As for possible directions for further research, here we only considered finite volume situations with a
system of even length. It would be interesting to extend the results to odd length by considering the current
operators with other techniques, such as SoV.

There are also other integrable models that lack U (1) symmetry, a fascinating example being the so-
called ,,golden chain™ [111]. This model is connected to several interesting fields of research (such as non-
Abelian anyons, PXP and RSOS models), thus it might be more appealing to treat this system instead of the
rather exotic XYZ spin chain. Moreover, the Hamiltonian of the golden chain arises as a representation of
the Temperley-Lieb algebra, just like the XXZ model. Utilizing this connection, conjectures for the current
mean values in the golden chain were established in [112].

Most importantly, it would be interesting to take the thermodynamic limit of our result and then to
establish a GHD description for non U (1) symmetric models. This could lead to predictions for the transport

properties of the model that could be compared to earlier results that were obtained numerically [113].



Chapter 6

Folded XXZ model

In the previous two chapters, we derived exact results for the current mean values in various integrable lattice
systems. These results provide a theoretical background for some of the assumptions behind Generalized
Hydrodynamics. Also, in recent years, GHD has been used in countless works to calculate the transport
properties of different integrable models (see the contributions to the special issue [53], especially [114])
and its predictions were also verified in experimental setups [50-52]. Still, GHD is an effective theory of
quantum many-body models that builds on the hydrodynamic assumption of dividing the system in question
into mesoscopic fluid cells and imposing local entropy maximization. To better understand the theory and
its range of applicability, it would be desirable to compare its predictions to results obtained from the micro-
scopic laws governing the systems. However, this is, in general, a very hard problem. Even though Bethe
Ansatz techniques provide a way of diagonalizing the Hamiltonian, solving the time-evolution following
an (in)homogeneous quantum quench also requires calculating overlaps between the initial state and the
eigenstates, and evaluating spectral sums, which are impossible in most cases.

These difficulties then beg the question: what are the simplest, genuinely interacting, integrable models
in which we may hope to overcome the aforementioned problems? By genuinely interacting models, we
mean systems that cannot be mapped to free fermions, like the XY model. Obviously, ,,being simple” is
not a well-defined physical property, however, there are some examples in the literature that should give an
idea of what we mean by it. Here, we mention three such examples with similarities between their particle
scattering properties.

One of the oldest and most important models in this category is the one-dimensional hard rod gas. It
describes a system of impenetrable particles with a fixed width, moving on a continuous line, and scattering
elastically on each other. The finite particle size affects the dynamics by decreasing the available space
for the propagation of the particles, or equivalently by introducing a finite displacement following particle
collisions, with the size of the displacement given by the hard rod length. The model was studied both in
the classical [115—119] and in the quantum [120-122] cases. Moreover, in the classical case, the emergence
of a hydrodynamic description was verified, and the Euler equation was derived [117], together with a

Navier-Stokes type correction [1 18], for a wide range of initial states satisfying natural conditions.
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Another, maybe less well-known example of a simple integrable system is the so-called phase model,
which is obtained from the g-boson model as the g — oo limit. It was first introduced and studied in [123—

]. Equilibrium correlation functions of the system were calculated in [126—130], while real-time dynam-
ics was investigated, and the predictions of GGE were verified in [131]. The dynamics of the model is such
that the scattering of fundamental bosons results in the displacement of particles by one lattice site.

A third example is the so-called Rule 54 model, which is a classical, deterministic cellular automaton
that belongs to the family of dual-unitary quantum gate models [132, ]. These systems are generally
non-integrable (although the Rule 54 is integrable), but they still allow for exact solutions. The Rule 54
model was first introduced in [134], while for a review, see [135]. The model supports two types of particles
(the left- and right-movers), which propagate on the lattice with a fixed velocity, while their scattering on
each other results in the displacement of the particles by one lattice site. Remarkably, it was the first model
in which the predictions of GHD following an inhomogeneous quantum quench were verified by exact
computation [136].

In the present chapter, we introduce an integrable lattice spin model, the so-called folded XXZ model
that shares similar properties to the systems listed above. It possesses a very simple scattering phase, and
as a result, the Bethe equations, the structure of the Bethe roots, and the eigenstates of the model also
take a remarkably simple form. Therefore, the model can be considered a possible candidate in which the
predictions of GHD might be verified.

The Hamiltonian of the folded XXZ model first appeared in [137]. Later, in [138] and in [139, ], it
was re-derived by considering the large anisotropy limit of the XXZ model. The name folded was coined in
[139], because of their method that splits the Hamiltonian of the XXZ model with large anisotropy to a fast
oscillatory part, and an effective (folded) Hamiltonian, whose spectrum is identical to the spectrum of the
original model modulo some typical energy value proportional to the anisotropy parameter. Remarkably,
the eigenstates and eigenvalues of the model were also obtained in [139].

In this chapter, we present our work on the folded XXZ model that was carried out as part of a larger
collaboration with numerous other researchers and was published in [141]. The paper [141] provides a
complementary view on the folded XXZ model compared to the aforementioned works, alongside with
brand new results.

The chapter is organized as follows: first, we introduce the model and show its integrability. This is
done in a different way with a more immediate connection to the charges of the XXZ model, compared to
the derivation of [139]. Then, we present the Bethe Ansatz solution of the system and discuss its ground
state properties. Finally, to illustrate the attainability of exact results for real-time dynamics, arising from
the simplicity of the system, we compute the expectation values of special local observables following a
homogeneous quantum quench. The folded XXZ model also exhibits Hilbert space fragmentation, which
is investigated together with its consequences on equilibration in the next chapter. Except the Bethe Ansatz

solution, all the results discussed in this chapter are new and first appeared in [141].
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6.1 The model and its integrability

All the examples of simple integrable systems listed above share the common property that in them scattering
events result in the displacement of the particles by a fixed value. Alternatively, this means that in these
models, the scattering phase is a linear function of the quasi-momenta. Using this observation, we can
introduce an integrable spin model with the same property, starting from the XXZ model. From (3.17), we

know that the scattering phase of the XXZ model is given by:

§XXZ( /PP 1 —2AeiPx

Pj>Pi) =  elPiHP) £ 1 —2A€Pi 6.1)

Clearly, in the A — oo limit (6.1) depends only on the difference of the quasi-momenta p = p; — p; and is
given by
lim SXXZ(pjapk) S(p) = _e—ip’ (62)

A—yoo

that is, the scattering phase becomes linear in the quasi-momenta. This suggests that by (somehow) taking
the A — oo limit of the XXZ model, we can hope to derive a system with simpler dynamics. This statement
is of course not mathematically rigorous, however, we can use this observation as a starting point.

Our procedure is as follows: we start with the conserved charges of the XXZ model, listed in Appendix
B. These are obviously polynomials in A, with some operator coefficients. We can then obtain a set of new
charges (that corresponds to the A — oo limit) by taking the operator coefficients of the highest order A
term from each of the original XXZ charges. For example, the first charge in the XXZ model is the total
magnetization $%, which doesn’t depend on A at all. Therefore, the first new charge can be chosen to be $°

itself, or alternatively

L
Z (1-09), (63)

N \

where the constant term and the factor of -1/2 were introduced for later purposes. Similarly, the next XXZ

charge is the Hamiltonian (3.8) itself. This has a linear term in A, so the second new charge is given by
L
Z (1-0j0%,)), (6.4)

where again a factor of -1/2 was introduced. Obviously, both (6.3) and (6.4) are diagonal in the compu-
tational basis and generate trivial dynamics. In order to obtain a non-trivial model, we have to go further.

Applying the same technique to the third charge of the XXZ model, which is again linear in A, gives

;L
Z‘ 7105, —07,107,). (6.5)

This operator has a three-site density, written here in a more convenient four-site form. The factor of i/4

was again introduced for later convenience and to ensure hermiticity. Even though Q3 is dynamical and
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generates non-trivial time evolution, it lacks spin flip symmetry. In order to obtain a model that is invariant
under spin flips, we need to go one step further. The fourth charge of the XXZ model is quadratic in A and

produces the new charge

L
Z (1+0507,3)(0}110,,2+0,,07,,)- (6.6)

-lk \

This is now a dynamical charge with four-site operator density that has spin flip symmetry. The factor of
—1/4 is included in (6.6) so that later the one-particle eigenvalues of the model become simpler. Now the
Hamiltonian of the folded XXZ model can be defined as

H = Qs+hQi + 10>, 6.7)

where / and p are two parameters of the model that can be thought of as a magnetic field and chemical
potential, respectively.

The procedure that was used to create the charges Qg, 0 = 1,...,4 guarantees that they mutually com-
mute with each other: the original charges of the XXZ model, which are polynomials in A, commute,
therefore their commutators (which are consequently also polynomials in A) have to vanish in all orders of
A. However, the leading orders of the original commutators are nothing else but the commutators of the new
charges, which thus have to be zero. The existence of two commuting dynamical charges (in this case, O3
and Qy) is enough to claim the integrability of a model [142], therefore, we can state that the folded XXZ
model is integrable. Moreover, one can continue with the algorithm explained above, and higher charges can
be obtained as well. There is one technicality that one needs to keep in mind to do so. The fifth charge of
the XXZ model is quadratic in A, and as it turns out, the quadratic term’s operator coefficient is proportional
to O3 given in (6.5). Thus, to calculate the proper fifth charge of the folded model, one needs to subtract
from the original fifth charge Q3 multiplied by the proper factor, and then take the leading term from the

remainder. The result of this procedure is

L
Z 6Z+ gt G]+16J+3 GJ)"JrlG;CJﬁ) + (Gf+ GJZ‘+5) (G;H j+21 O J+1 J+2) (6.8)

=
% (07430714 = 071307,4) + (14.0707,4) 67,5 (074107,3 = 07,1 0713),

which has (after expanding the products) a five-site operator density that is written in a six-site form only for
convenience. Higher charges of the model can be obtained recursively in a similar manner. At present, we
do not have closed form expressions for these higher charges, however, obtaining such expressions might be
possible using the results of [143, 1.

We also note that the new charges of the folded XXZ model cannot be obtained from the QISM con-
struction of the XXZ model in a trivial way. This is transparent from the following reasoning: in models

where the transfer matrix is built from the R-matrices, the charges can be computed recursively by using
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the boost operator (for more details on this method, see Appendix B). Accordingly, in the XXZ model, the
boost operator construction yields the appropriate charges. On the contrary, in the folded model, it is easy
to check that the commutator of Q> and the boost operator does not produce Q3. This signals that the usual
QISM method breaks down in the A — oo limit.

Since the publication of [141], however, it has become understood that the folded XXZ model can still
be embedded into the QISM framework of the so-called medium-range models. This was worked out in
[145]. Here, we do not present this method, just note that a transfer matrix can be found for the folded
model (but this construction fundamentally differs from that of the XXZ model), and the charges can be

obtained algebraically.

6.2 Bethe Ansatz solution

As a result of the extra conserved charges, the model is integrable and solvable by means of CBA: its
eigenstates together with their eigenvalues can be constructed exactly. This was first done in [139], but here

we present a slightly different approach based on [141].

6.2.1 Particle states

The model exhibits spin-flip symmetry, therefore either the state with all spins up, or all spins down can be
chosen as a reference state above which the eigenstates are created. Here, we choose the state [0) = [117 ...)
as our reference, and use the notations that were introduced in Section 3.2. Looking at the dynamical part
Q4 in the Hamiltonian (6.7), it can be seen that it describes the hopping of particles between neighboring
sites, with the hopping amplitude being controlled by the two other neighboring sites. From the special
form of this control, it is also easy to see that blocks of two or more consecutive down-spins in a sea of
up-spins are frozen: they have zero eigenvalue under Q4. Because of this, first we only consider scattering
states with particles, i.e. states, in which there are no two or more consecutive down-spins. It is important
to note, however, that even though these configurations are immobile on their own, unlike to the case of
restricted models [146], they are not excluded from the Hilbert space, and we treat them separately in the

next subsection.

Single particle states

The wave function of an eigenstate with a single particle can be written as:
p) =Y ™ |x), 6.9)
X

where the quasi-momentum p is quantized according to the Bethe equation that arises when the periodic
boundary condition is imposed:
et =1. (6.10)
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Direct computation shows that (6.9) is indeed an eigenstate of Q4 (and therefore the full Hamiltonian (6.7)),
with eigenenergy e(p) = — cos(p). (For the time being, we assume 2 =y = 0 in (6.7) and only consider the

eigenvalues of Q4.)

Two-particle states

Following the usual steps of coordinate Bethe Ansatz, we can look for the two-particle states in the form

P, p2) =Y, x(x1,%2) xi, %), (6.11)
X1 <x2
with ¥ (x1,x2) being the sum of plane waves multiplied by the appropriate phases just like in (3.16). Then it
is easy to verify by direct substitution that the wave function y (x1,x2) is given by

x(x1,x2) = eilpixitpa(a—1)] _ gilpaxi+pi(x—1)] 6.12)

The state (6.11) is an eigenstate of Q4 with energy E = e(p1) +e(p2) = —(cos(p1) +cos(p2)).

The form of the wave function resembles free fermions, however, extra phases are present in the two
terms in (6.12) that appear due to the model being interacting. From (6.12), we can read off the two-particle
scattering phase:

S(p1,pa) = €®Pr2) = —e~ipop), (6.13)

which is linear in the quasi-momenta, just as we expected from simply taking the limit of the XXZ model
in the previous section. The form of x(x;,x;) is also consistent with our previous considerations: the
wave function vanishes whenever the particles are on neighboring sites. This constraint, however, emerges

dynamically and is not imposed externally.

N-particle states

Looking at the two-particle wave function, one can notice that it can be written in a convenient determinant
form, which actually generalizes to the N-particle case as well. Namely, the N-particle wave function is
given by the determinant

x(x1,x2,...,xy) = detC, (6.14)

where the elements of the matrix C are defined as
Cjr = oiPilu—k+1) (6.15)

The state (6.14) is an eigenstate of Q4, with eigenvalue £ = ley:l e(pj). Moreover, the wave function (6.14)

still has the property that it vanishes whenever two particles are on neighboring sites.
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Figure 6.1: Scattering of a particle on a bound state of length two. The particle is incoming from the left, while the
bound state occupies sites 2 and 3. Once the particle reaches site 0, hopping between sites 1 and 2 becomes possible.
As a result, the bound state gets shifted by two sites to site 0 and 1, while the particle also suffers a displacement by
two sites. Based on a similar figure in Ref. [141].

0

Incoming T T T T T i

— —
— — ]

Due to the simple scattering phase (6.13), the Bethe equations take a remarkably simple form as well:
el =1, oiPi(L=N) _ (—)V-Te P, (6.16)

where we introduced the total momentum P = ley:l pj. Again, these equations appear almost free: the
values of the individual quasi-momenta p; do not depend explicitly on the values of all other momenta, only
on the value of the total momentum P, which shows up in the Bethe equations as a twist. Thus, one can
find the Bethe roots by solving the quantization conditions (second equation in (6.16)) individually while
keeping in mind that the constraint for the total momentum (first equation in (6.16)) has to be satisfied.
Another result of the interaction between particles is the appearance of a modified volume, L — N. The
particularly simple form of the Bethe equations can be exploited to exactly calculate the time-evolution

following certain quench scenarios, which is illustrated in Section 6.4.

6.2.2 Bound states

As we already established, states with sequences of two or more neighboring down-spins have zero eigen-
value. Nevertheless, they are not excluded from the Hilbert space of the system, therefore we have to
investigate them separately. To do this, it is useful to introduce the notion of domain walls (DW’s), which
are just the boundaries between two such regions of the chain that have different spin orientations and are at
least two sites long. Domain walls separated by more than one site are frozen, have zero eigenvalue under
Q4. This fact leads to a huge degeneracy in the reference state, since every configuration with arbitrary
many DW’s, but without particles will share the same zero eigenvalue. The block of immobile down-spins
between DW’s can be thought of as the bound states of particles.

Despite the fact that these bound states are not dynamical under the time-evolution dictated by Qx, they
effect the propagation of particles. This can already be seen from the simplest scenario involving a particle

and a bound state of length two, depicted on Fig. 6.1. Initially, the bound state sits at sites 2 and 3, while a
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particle is approaching from the left. As the particle reaches site 0, the up- and down-spins on sites 1 and 2
become mobile and swap places. As a result, the bound state gets shifted to sites O and 1, while the particle
also suffers a displacement by 2 sites.

In order for the configuration described above to be an eigenstate of the system in finite volume with
periodic boundary condition, we have to assign a quasi-momentum to the bound state and perform a Fourier-

transform, which leads to the state

v = Y o (Prri(-2)) oy y+ 1+ Y ¢ (Pa-2)1k) ly,y+1,x). (6.17)
y>x+1 x>y+2

From (6.17), it is then simply read off that the scattering phase of a particle and a bound state of length two
is
Spaow(p,k) = e 2P7Y, (6.18)

while the Bethe equations arising from the boundary condition read as

eP(L=3) — o=iP eHL=3) — =iP, (6.19)
with P = p + k being the total momentum. It is also easy to calculate that the energy of the state does not
depend on the domain walls, and is still given by E = e(p).

By extending the above computation to the case of longer bound states (DW'’s further away from each
other than two sites), it can be easily shown that the scattering of a particle on two domain walls is inde-
pendent of the distance between the two DW’s. Moreover, it is also possible by this method to calculate
the scattering of two bound states on each other. (Even though, these are immobile on their own, through
their interactions with particles, they can be displaced, which can eventually lead to them scattering on each
other.) It is, however, easier to investigate this scenario by considering the A — oo limit of the known string
solutions of the XXZ model. Here, we omit the details of this calculation (see [141]) and only present the
final results.

The scattering phase describing the interaction between two bound states with n > 1 and m > 1 down-

spins, respectively, is given by:

e~ 2mp  if m < n,
Sma(p) = _ (6.20)
—e72if m=n,

with p being the difference between the quasi-momenta of the two bound states. The most general form of

the Bethe equations, with both particles and bound states of different length present, is then written as

ePin 1 Sum(Pjn—pim) =1, (6.21)
(m.k)
(Jm)#(m k)
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where it is understood that
Sii(p)=—e",  Siu(p)=e?, (6.22)

justlike in (6.13) and (6.18). Moreover, p; , denotes the quasi-momentum of the 7" bound state (or particle,
if n = 1) with n consecutive down-spins. In the case of 7 = u = 0, the energy of such a state still does not
depend on the bound states and is simply given by E =Y. ;e(p;,1). Turning on a non-zero magnetic field and

chemical potential modifies the energies to
E=Y e(pji)+hY, mNy+2u) Np, (6.23)
J m=1 m=1

where N, is the number of bound states (or particles, if m = 1), with m consecutive down-spins.

6.2.3 Hilbert space fragmentation

As it was explained in Chapter 2, Hilbert space fragmentation refers to the property of a model that its
Hilbert space splits up to an exponentially large number of sectors between which the Hamiltonian does not
have transition matrix elements, while the sectors being easily constructable through some simple rules that
does not involve actually solving the model. The phenomenon often arises and was first observed in models
with two non-dynamical, local charges that commute with the Hamiltonian, like in the case of simultaneous
charge and dipole conservation [26].

In the folded XXZ model, two such charges exist in the form of Q1 and Qg, which indeed leads to Hilbert
space fragmentation, as it was already observed in [138—140]. Accordingly, the eigenstates of the system
arrange themselves into sectors corresponding to the different eigenvalue pairs (m, Npw ), where m is the
magnetization (the eigenvalue of Ql) and Npw is the domain wall number (the eigenvalue of Qg). More-
over, within these sectors, there is an additional splitting that corresponds to the distribution of consecutive
down-spins among the different frozen configurations with the same overall magnetization and domain wall
number.

Closely connected to Hilbert space fragmentation, we can also observe a huge number of degeneracies
in the spectrum of the model. This is most transparent from looking at the general Bethe equations (6.21).
Domain walls do not contribute to the energy of states (if # = u = 0), moreover they only enter the Bethe
equations through their total number and total momentum, but not their distribution. This leads to a huge
degeneracy, which usually scales exponentially with volume. The exact number of degenerate states, how-
ever, depends on the actual particle content of the state. For the reference state (state with eigenvalue 0), it
was calculated in [138, 139], and was found to grow as o with the system size, where & = (14+/5)/2 is
the golden ratio. On the other hand, the ground state is only finitely degenerate even in the thermodynamic
limit, as it is shown in the next section.

Hilbert space fragmentation and the huge number of degeneracies present in the spectrum have dramatic

effects on the equilibration of the system, which is discussed in the next chapter.
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6.3 Ground state

In this section, we describe the ground state of the Hamiltonian (6.7) and calculate its energy density for
various parameter regimes of 2 and u.

Firstly, we consider the scenario where 7 = 0 and u = 0. Under these conditions, our findings are
consistent with those presented in [ 147] and [146]. Given that the Hamiltonian (6.7) remains invariant under
spin-flip when /& = 0, the ground state exhibits double degeneracy. Here, we focus on the state with positive
magnetization (N < L/2). Simple reasoning and numerical verification indicate that the ground state consists
solely of particles, with no bound states present. Nevertheless, the particle density is a non-trivial quantity

that we compute here. Starting with a finite volume L, the Bethe equations for N particles are given by:
eiPiL H (- e—z(p_/—pk>) =1, (6.24)
k=1

which is equivalent to (6.16). Taking the logarithm of (6.24), we obtain

M=

ij:(N—l)n—i— (pj—pk)—|—27rlj, (625)

k

1
where /; € Z. Given that in the ground state P = Zlk\’:l pr = 0, this simplifies to

2T -
I;.

(6.26)

Here, [; = 1;+ (N — 1) /2 is an integer or half-integer depending on whether N is odd or even. In the ground
state, the ; values are symmetrically distributed around zero, ranging from —% to % The energy of the

state is given by
il 2n .
E=-— —; . 6.27
j;cos <L N j> (6.27)

In the thermodynamic limit (L,N — oo, N/L = n is fixed), the energy density becomes:

E pr L(1—n) 1—n | l—n . nm
£— — — d S = _ 6.28
I /_pF P cos(p) p- sin(pr) —sin (1 —n) , (6.28)
where we used the fact that pr = L{—”N . NT_I — 7. 7. The particle density n that minimizes € is found by
solving de/dn|,_, =0, leading to:
L2 on (07 =y (6.29)
an =1. )
T 1—ng

Solving this equation numerically gives ng ~ 0.3008.

Including bound states, their effect is to decrease the effective length by 2M, where M is the number
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of bound states of arbitrary length. Consequently, the energy density for a state with particle density » and
bound state density M /L = m is:

1—n—-2m n
= — i . 6.30
€ T Sln<1n2mn> ( )

This expression reaches its minimum at n = ny ~ 0.3008 and m = 0. Since the 0, term gives the same
energy to a particle and a bound state, and the O term energetically favors particles over bound states, the
ground state will not include bound states even when / and u are non-zero.

Next, we consider the case where & # 0 while keeping = 0. Given that Q» and Q4 are invariant and
Q1 changes sign under a spin flip, it suffices to examine the 4 > 0 case. The energy density of the system in

the thermodynamic limit, for a state with particle density n, is

1—n .
£=— sin
T

7T> + hn. (6.31)

1—n

To determine ng that minimizes this energy density, we take the derivative with respect to n, yielding the

1 nmw 1 . nmw
h—l_ncos<1_n>—nsm<l_n>. (6.32)

The expression on the r.h.s. has a maximum value of 1 at n = 0. Thus, if 2 < 1, the ground state is

constraint:

characterized by a finite particle density ng given by (6.32). Conversely, if 4 > 1, the reference state with all

spins up becomes the ground state. Expanding (6.32) around 0, we find that n scales as:
no< (he—h)'2, (6.33)

as h approaches the critical value i, = 1.
Finally, we address the case where both 4 and u are non-zero. Given the model’s symmetries, it is
sufficient to consider # > 0, while u can be negative. The energy density for a state with particle density n

is:

1—n . nw
€=———sin (l—n) + (h+2u)n. (6.34)

Taking the derivative with respect to n and rearranging the equation, we obtain:

1 nw 1 nw
2 = - i . .
h+2u I ncos<1 > sm<1 ) (6.35)

The r.h.s. of this equation has a maximum value of 1 at » = 0 and a minimum value of -2 at n = 1/2. Hence,

if h+2u > 1, the reference state with all spins up is the ground state. On the other hand, if 2+2u < —2, the
ground state is characterized by n = 1/2, corresponding to the doubly degenerate Néel and anti-Néel states.

Between these two extremes, the ground state has a finite ng given by the constraint (6.35).
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6.4 Solvable quench dynamics

One of the main motivations of studying the folded XXZ model is that because of its simple nature, it
may serve as a toy model to test GHD by comparing its predictions to results obtained from the microscopic
dynamics of the system. In the present work, we do not attempt to go this far, but to illustrate the simplicity of
the system, we calculate the real time-evolution of some specific local observables following a homogeneous
quantum quench. This task in general integrable models is usually impossible, however, in the case of the
folded XXZ model is manageable.

In this section, we only consider quenches that can be described using only the particle excitations
without domain walls. (The presence of domain walls leads to very interesting dynamical phenomenon
which is the topic of the next chapter.) To achieve this, we choose an initial state |yp) that has zero overlap
with states containing domain walls. It is not hard to see that this property is guaranteed if there are no two
or more neighboring down spins in |yp). The simplest such state is the Néel state with down spins at every
other site, however, it is actually an eigenstate of the Hamiltonian (6.7), with eigenvalue zero. The next

simplest such state is the state | ) with down spins at every third site:
W) =13,6,9,...), (6.36)

where now we assume that the system size L is a multiple of 3, so we have N particles in a volume of L = 3N.
To further simplify the situation, we will only consider the zero momentum sector, so we choose our initial

state as
_1+U+U?

= I 6.37
W) 7 W) » (6.37)

where U is the one-site shift operator.
We will also restrict our attention to special local operators, the ones that measure the so-called emptiness

formation probabilities (EFP), and are defined as

L1+0i ..
E(x) =[] % (6.38)
j=1

It is easy to see that when summed over the whole chain, Y'~_, E;(x) for = 1,2 are just linear combinations
of the first two conserved charges O and Q,, therefore their dynamics is trivial. Because of this, we will
focus mainly on [E3. The calculations presented below closely follow a similar derivation in [131].

Once the initial state and the local observables of interest are chosen, the time-evolution of the expec-
tation value of operators can be calculated by inserting two full sets of states and evaluating the double

sum:

- (volo) (IO (1Y) sy
O = &= lpy k) | (©39

The necessary ingredients in order to evaluate (6.39) are the overlaps between the eigenstates of the system
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and the initial state |yp), and the matrix elements of the operators (6.38) between the eigenstates of the
model. First, we calculate the overlaps.

From the Vandermonde-like structure of the eigenstates of the model (6.14), it is easy to see that the
overlap between the initial state |yp) and an eigenstate of the system characterized by the quasi-momenta
{p:} is given by

[{wolp) [ = 3] e — e 2. (6.40)
j<k
To evaluate (6.40), first we need to find the quasi-momenta p that give non-zero overlap with |yp). In the

zero total momentum sector, the Bethe equations (6.16) simplify to
e2NPi — 1 (6.41)

where for simplicity we assumed that N is even. (It does not restrict our derivation, and the final result will
be also valid in the case of N odd.) The solutions are trivially given by
T (21 j— 1)

pi= " I;=1.2,...,2N. (6.42)

In order to comply with the zero total momentum constraint, we need to choose an N-element subset

in(2k—1)

{ePly c{ax}oy  with  ag=e 2 , k=1,2,...,2N, (6.43)

that also satisfies []; e'Pi = 1. It is easy to see that the possible solutions @y can be arranged into pairs that
are each others negatives, { @y }oyv = { (@, — ) }n. However, from (6.40), it follows that in order to end up
with a non-zero overlap, we have to choose from each such pair exactly one rapidity. Thus, the Bethe states

that give a non-vanishing overlap with |yp) are described by the rapidities
a;=s;0; with Sj::tl, j=12,...,N, (6.44)

with the zero total momentum restriction that now takes the form

N

N N
Hajzl‘[]sjwj:e"’”\’/znsj: 1. (6.45)
J= J=

Jj=1

Since N is assumed to be even, in (6.45) we can choose N — 1 signs arbitrarily. Accordingly, there are 2V~!
states that have non-vanishing overlap with | ). Moreover, since the overlaps (6.40) depend on the squares
of the solutions a;, we can conclude that for all non-vanishing cases (6.40) will assume the same value. To

calculate this value, we use the fact that the norm of the eigenstates are known (see [148]) and given by

(p|p) = L(L—N)N"!' =3N2N)V L. (6.46)
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Because the Bethe states form a complete basis, the sum of the normalized overlaps (6.40) has to be one.

But since in our case both (6.40) and (6.46) takes the same value for all solutions, we can conclude that

2
1
Z!u&ls - ‘%g' =1~ Hvolp) P =3n7. (6.47)
p

Continuing the calculation, we can use the fact that the matrix elements of the operators [E;(x) were already

computed in the works [ 149, ] and are given by
detT
<p|El (x)‘k> = g{ (eip.i _ eiPk) (eik/ _ eikk) ) (648)

where the matrix 7 is defined as

1— ei(kjfpk)(Lfl)ei(pk 7kj)(N71)

Tix = = : (6.49)

In order to compute the expectation values of the operators (6.38), it is useful to rewrite the matrix 7 in the

following form

Tij=(N—L+1—1)e "7, ki =pj, (6.50)
in((/—1)(kj—

T = -1k +p)sm((. ) (k; Pk))7 ki # pr, 6.51)
sin(kj — px)

and consider its rank. From the form of (6.50), it can be seen that the rank of the diagonal part of 7 is given
by the number of coinciding momenta in p and k. By using this observation, we can evaluate the expectation
value of E;(x) for the first few /:

* [ = 1: In this case, the off-diagonal part of 7 is zero, therefore the only non-zero contribution to
(w(t)|E;(x)|w(t)) comes from the case p =k , which leads to a constant expectation value without

time-dependence.

* [ =2: In this case, the off-diagonal part of 7 has rank 1, thus in order to obtain non-trivial time
dependence, we would need the diagonal part to have rank at least N — 1. Accordingly, the sets p
and k should have at least N — 1 common elements. Because of the zero total momentum constraint,
however, it is not possible to have two such sets p and k that have non-zero overlap with the initial state
and only differ from each other in one element. Therefore, we end up again with a static expectation
value. These results are consistent with the previously mentioned fact that [£; and [E, are linear

combinations of the first two charges, hence are constants in time.

* | = 3: In this case, the off-diagonal part of 7 has rank 2. This means that there is a non-zero contribu-
tion to the expectation value when the sets p and k differ in two elements, which introduces non-trivial

time dependence in (y/(7)|E3(x)|y(r)).
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Figure 6.2: (a) Expectation value of E3 as a function of time following a quantum quench in the folded XXZ model,
starting from the state |W), for different system sizes. The continuous lines correspond to the analytic result (6.52),
while the dots are obtained from exact diagonalization. The agreement between the analytic and numeric results is
perfect. (b) The same expectation value in the thermodynamic limit. The red line corresponds to the analytic result
(6.53), while the blue is obtained from iTEBD simulation. The black line denotes the asymptotic value of 1/6.

From this point on, the calculation goes exactly the same way as in [131], therefore here we omit the details
and only present the final results. The time-evolution of the operator E3(x) is given by
1 1/1 o1t ok
(w(t)|Es(x)|yw(t)) = 6 ¢ (N ;cos (2tcos(ca))) ~% ‘N ;sin (21 cos(cq))e’| (6.52)

with ¢, = #2a—1) ,a=1,2,...,N. (Inthe case of odd N, the expression (6.52) is still valid with ¢, = %%, a =
2N N
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1,2,...,N.) In the thermodynamic limit, (6.52) becomes

2

WOE W) = g g ([ oos reos) ) - ¢

_ é [1—(Jo(20))* = (1(20))],

2

n .
/ sin (27 cos(z))e"” dz
0

T

(6.53)

where Jo(x) and J; (x) are the Bessel functions of the first kind. In the long time limit, (6.53) asymptotically

behaves as .

1 _
VOB = g |1- 00 ). (6:54)
To verify the analytic expressions (6.52) and (6.53), we compared them to numerical results obtained from
exact diagonalization and iTEBD simulation, respectively. (The iTEBD algorithm is introduced in the next
chapter and in Appendix E.) The agreement is perfect within the numerical precision, as it can be seen in
Fig. 6.2.

6.5 Summary

In this chapter, we investigated the so-called folded XXZ model. The system was derived from the A — o
limit of the well-known XXZ model, in a way that guarantees its integrability: the conserved charges of the
folded model can be recursively obtained from the charges of the XXZ model.

The eigenstates and eigenenergies of the system were calculated using coordinate Bethe Ansatz. The
important properties of the dynamics of the system can be summarized in the following statements: (i) the
scattering of particles is described by a scattering phase that is linear in the particle momenta, (i) there are
domain walls present in the spectrum, which do not contribute to the energies and are immobile on their
own, however, (iii) they cause large degeneracies in the spectrum and are responsible for Hilbert space
fragmentation, which is discussed in more detail in the next chapter.

Due to the simple scattering phase, the Bethe equations also simplify. This simplification enables one
to evaluate spectral sums and exactly treat real-time dynamics. We illustrated this fact by computing the
expectation values of special local operators following a homogeneous quantum quench. We believe that
the folded XXZ model is a good candidate to carry out similar calculations for inhomogeneous quantum
quenches as well, in order to verify the predictions of GHD.

Besides the topics that were discussed in the present chapter, the original work [141] also contains

several other new results, which we list here:
- The CBA was formulated for different boundary conditions.
- The thermodynamics of the model was also described in three different formulations.

- A connection to the Maassarani-Mathieu model and to the T T-deformations was pointed out.
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These aspects of the model were not treated here, because of the authors limited (or non-existent) contribu-
tion to them. However, they are essential to paint a more detailed picture of the folded XXZ model.
Additionally, since the publication of [141], it has been established that the folded XXZ model is a
special case of the so-called hard-rod deformation of the XXZ spin chain, namely it is the hard-rod deformed
XX model [151]. The algebraic origin of the model and its conserved charges was also understood and

embedded into the framework of Yang-Baxter integrability through the study of medium-range systems

[145].



Chapter 7

Hilbert space fragmentation and persistent
oscillations

In the previous chapter, we introduced and studied the folded XXZ model. We found that its spectrum
exhibits Hilbert space fragmentation and contains a large number of degeneracies, and foretold that it would
have serious consequences for the non-equilibrium dynamics of the system. Here, we discuss the origins of
this fragmentation in more detail, together with its implications for thermalization.

As was already mentioned in Chapter 2, models that exhibit Hilbert space fragmentation have an expo-
nentially large (in the system size) number of kinetically disconnected sectors in their spectrum, i.e. sectors
with states between which the matrix-elements of the Hamiltonian vanish. Accordingly, in these models
exists a symmetry algebra whose elements commute with the Hamiltonian and whose dimension also scales
exponentially with the volume [25].

For the case of the folded XXZ model, these symmetry operators were obtained in [152]. More precisely,
in [152] a non-integrable extension of the folded XXZ model with two parameters was introduced, based
on hard-rod deformations [151]. It was shown that this family of models possesses symmetry operators that
form a non-commutative algebra, and can be constructed as Matrix Product Operators (MPOs) with fixed
and small bond dimensions.

In this chapter, we present the connected results of the papers [141] and [152] regarding Hilbert space
fragmentation and thermalization: in Section 7.1, we introduce the non-integrable extension of the folded
XXZ model. Then, in Section 7.2, we summarize how the symmetry operators of the system can be con-
structed as MPOs. Finally, in Section 7.3, we investigate the effects of fragmentation on non-equilibrium
dynamics by numerically simulating quantum quenches. It is important to note that the author’s contribu-
tion to the paper [152] was limited to the topics discussed in Subsection 7.1.1 and Section 7.3. However, for
the sake of completeness, we feel that a short description of the construction of the symmetry operators is

required, hence the inclusion of Section 7.2.

88
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7.1 Integrability breaking extension

In this chapter, we study the two-parameter family of models given by the Hamiltonian
L
H =Y [y (j) + Ahzz(j) + Khui(j)] (7.1)
j=1

with A, k € R and the Hamiltonian densities being

N +
hy(j) = (67410712 + 067,107 )T 15,

hzz(j) = H;,rj+3nf+1,j+27 (7.2)
hai() = T3 sTT oy oI s TT s e
Here we introduced the notation
T = Gja,f
IT1 k= — (7.3)

In the case of A = k =0, (7.1) reduces to the folded XXZ model (6.6) (here a factor of -1/4 was dropped,
just to keep the notation consistent with [152]). As it was discussed in the previous chapter, this is the kinetic
term, describing a conditional hopping. Turning on a non-zero A introduces an interaction and results in the
so-called hard rod deformed XXZ model, which is still integrable and solvable by the Bethe Ansatz [151].
Switching on a non-zero k as well, however, breaks integrability. Since the only kinetic term is Ay, the
fundamental dynamics is the same as in the folded XXZ model.

The terms hzz and h,; were chosen in such a way that the first two charges of the folded XXZ model,
Q1 and Qz given by (6.3) and (6.4) still commute with (7.1) for arbitrary values of A and k. As a result, the

statements of Subsection 6.2.3 remain valid and the model exhibits Hilbert space fragmentation.

7.1.1 Level spacing statistics

To illustrate that the term h,;(j) indeed breaks integrability, we numerically calculate the level spacing
statistics (LSS) of the model. The behavior of the LSS serves as an indicator of integrability breaking. Since
the model (7.2) contains a huge number of degeneracies, even compared to integrable systems, it is actually
more practical to compute the LSS in the XXC model (introduced in the next section) after spin-charge
separation, given by (7.14).

The LSS of a given Hamiltonian H with eigenvalues &; are determined by calculating the differences
Si; = €41 — & of the eigenenergies arranged in ascending order, £ < & < .... The level spacing distribution
P(s) is then defined as the distribution of the normalized spacings s; = S;/S, where S represents the average
level spacing. According to random matrix theory, for a non-integrable Hamiltonian from the Gaussian

orthogonal ensemble, in the infinite volume limit, P(s) follows the Wigner-Dyson distribution:

Pu(s) = gse_%sz. (7.4)
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Figure 7.1: Level spacing statistics for L =20, A = 0.2 with: (a) Kk =0 and (b) k = 0.5. The red curves represent
the fitted exponential and Wigner-Dyson distributions, respectively. The integrability breaking effect of a non-zero
is clearly visible.

Conversely, for an integrable system, P(s) is given by the exponential distribution:
Pls)=e. (15)

Given that the model defined by (7.14) exhibits trivial symmetries, we compute the eigenvalues within
the invariant subspace characterized by zero total momentum, even spatial parity, and a fixed z-component
of the total spin, with S, = 2. (Similar results can be obtained for other values of S,; however, for S, = 0,
an additional spin-flip symmetry must be removed.) Additionally, we consider only the energy levels from
the middle third of the spectrum, as the quasi-particle excitations at the spectrum’s edges lead to deviations
from the random matrix predictions.

The level spacing distributions for L = 20 and A = 0.2 are illustrated in Fig. 7.1, with k = 0 on the left
(integrable case, derived from a total of 2620 energy levels) and k¥ = 0.5 on the right (non-integrable case,
derived from a total of 2629 energy levels). The results align well with the exponential and Wigner-Dyson
distributions (depicted by red curves in Fig. 7.1), with the total normalization of the distributions being
the sole fitting parameter. The minor deviations from theoretical predictions are attributed to the finite size
of the system. Nevertheless, the alteration in P(s) due to a non-zero k clearly illustrates the integrability

breaking effect of the term /,,;( ).

7.2 Algebraic origin of the Hilbert space fragmentation

The algebraic origin of the Hilbert space fragmentation in the family of models given by the Hamiltonian
(7.2) was understood in [152]. As we already noted, the author’s contribution to the paper [152] was limited
to the numerical simulations of quantum quenches and the calculation of level spacing statistics. For the sake

of completeness, however, here we also summarize the construction of the symmetry operators responsible
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for the fragmentation.

The idea behind obtaining these symmetry operators is to transform the original model (7.2) through two
consecutive mappings into a form, where these symmetries are more transparent and easier to formulate.
First, we apply a bond-site transformation, then a non-local mapping that takes our original system to the
so-called XXC model. As we shall see, in this model there is a complete spin-charge separation, and
the symmetry operators responsible for the Hilbert space fragmentation can be found as Matrix Product
Operators with fixed bond dimensions that act only on the spin degrees of freedom. (For the definition of an
MPO, see Appendix E.) As a final step, these MPOs can be transformed back into the original basis.

In this section, we go through these steps in a nutshell. For more details on the construction, we refer to

[152].

7.2.1 Bond-site transformation

The bond-site transformation [141, ] is defined on the level of basis states by introducing new variables
with two possible values on the bonds between sites, according to the following rules: if the spins on
neighboring sites have the same orientation, the bond between them is empty (or equivalently, spin up),
denoted by |o), while if the spins have opposite orientations, the bond is occupied (spin down), denoted by

|e). Graphically, the transformation is represented as

1), 1) = Jo), [T, [{41) — [e). (7.6)

Starting from the rules for the basis states, the transformation on the level of local operators can be worked
out and is given by
VAP Z X X X
0;Cj 1= O/ Gj = O;_1/20,1)2- (7.7)

Using (7.7), the Hamiltonian densities (7.2) in the bond picture become

W (j) = (070%0 4+ 6707, 5P,
h2(J) = (NjPiv2+PiNjs2)Piot, (7.8)
hni(j) = (NjPisa+ PiNjia) Pie1 Piy2Ps,
where we dropped the half-site shifts in the subscripts and the projector operators N; and P; are defined as

]1+0'j ]l—cj.
= P;= : (7.9)

The kinetic term hjlf describes the hopping of two neighboring down spins: |oee) <> |eeo), while a single
down spin in a sea of up spins is immobile. This is where the name of hard rod deformation comes from:
the fundamental mobile particles are composites of down spins with a fixed length, in this case [ = 2.

We note that the bond-site transformation is unambiguous only up to boundary effects. For open bound-
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aries, the original model with length L is mapped to a bond model with length L — 1, while for periodic
boundaries, the original model is equivalent to a bond model of the same length, only in the sector, where

the number of |e) states is even.

7.2.2 XXC model

As a second step, the bond model is transformed further by a non-local mapping (used for example in [153]
and [141]) into a system with a three-dimensional local Hilbert space. For the computational basis states,
the transformation rules are the following: starting from the first site of the chain, we consecutively ,,read-
in” the states at each site. If we come across the state |o), we replace it by |1), while if we see the state
|e), we also look at the next site. If it is a |o) or |e), we replace the original two-site sequence by |2) or
|0), respectively. Here |0), |1) and |2) are the three local basis states of the new model. Graphically, the

transformation rules read as:
o) = 1),  [ee) = [0),  [e0) —[2). (7.10)

Obviously, this mapping is non-local and volume changing: the length of the new state depends on the
content of the original state. As a result, one would assume that local operators of the bond model are
transformed to non-local ones. While this is true in general, it can be shown that there are special operators
that remain local under the mapping, and that our Hamiltonian (7.8) is among these special operators (this is
a non-trivial statement, for details see [152]). After the transformation, the Hamiltonian densities become:
Cy/: — _
() =87 S50+ 87 870,
hgz(j) =njpj+1+pjnji, (7.11)
hi(J) = njnjeipjva+ pjnjeingia,

where the two component vectors sf and the projectors n; and p; are defined as:

s = (") = (s7,57), with sy =) (0] (a=1,2), (7.12)

n=10) (0], p=1[1)(1[+12)(2]. (7.13)
It is important to note that the transformation does not actually map the densities (7.8) individually to (7.11),
but the equivalence is true for the total (summed-up) Hamiltonians.

The model (7.11) with only h? first appeared in [154], while with the extra term th in [155], where it

was named the XXC model. The deformation introduced by hgi was first studied in [152].
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7.2.3 Spin-charge separation and MPO symmetries

The kinetic term h]g describes the transitions |01) <+ |10) and |02) <> |20), while the transition [12) <> |21)
is forbidden. As a result, the ordering of the states |1) and |2) is a constant of motion, it does not change
during time-evolution. Moreover, the actions of the diagonal interaction terms th and hgi are insensitive to
the distinction between the states |1) and |2). Thus, if one interprets |0) as the vacuum, while |1) and |2) as
the two possible states of a particle with an internal degree of freedom (with a spin-1/2), a complete spin-
charge separation takes place. The wave-function of the system can be separated into a charge and a spin
part, where the latter is constant and does not effect the former, the motion of the particles. The effective

Hamiltonian describing the time-evolution of the charge part becomes

hxx () = 67071 + GJ)jGJ)ﬁ—H’
hy(j) = NiPj1 + PiNji1, (7.14)
K2 (j) = NjPjs1Pjs2 + PiPi+1Nj 12,

where the 0-s and the projectors N and P are acting again on the usual two-dimensional local Hilbert space
C2. For the technical details of the spin-charge separation and the derivation of (7.14), see [152].

The spin-charge separation is deeply connected to Hilbert space fragmentation: the different configura-
tions of the spin degrees of freedom correspond to the different disconnected sectors in the spectrum. It also
enables one to construct the extra symmetry operators of the model as MPOs with fixed bond dimension D.

For this, we can set D = 2 and choose the local tensor £ (for its definition, see Appendix E) as:

L=1®0)(0]+ Y F*Playp], (7.15)
o,f=1,2

where 1 is the 2 x 2 identity acting on the auxiliary space, while F(%#) are four other matrices also acting
on the auxiliary space. The form (7.15) ensures that the MPO acts as the identity on the local state |0), while
it might change the states |1) and |2) between each other. As a result, the MPO built from (7.15) does not
change the positions of the particles, it only acts non-trivially on the spin-degrees of freedom. Thus, it must
commute with the Hamiltonian (7.11).

One can introduce two classes of MPOs with the form (7.15): diagonal and off-diagonal ones. In the
case of the diagonal MPOs, the matrices F (1.2) and F1 are chosen to be identically zero. Consequently,
these operators do not change the spin pattern, however, their eigenvalues depend on the values of the spin
degrees of freedom. It can be shown that these diagonal symmetry operators can be parameterized by five

independent parameters in the following way:

FO (x y>7 F22) — (” 0)_ (7.16)
y zZ O 1%

The off-diagonal MPOs are the ones that change the spin pattern. By focusing only on those that conserve
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both the number of |1) and |2) states, we can describe them also by five independent parameters:

F2) — (F(z,l))T —yo-, pOLn — (Oﬂ 0) ’ F22) _ <ﬁ 0) . (7.17)

0 o 0 ¢

Once the symmetry operators are constructed in the XXC model, the last step is to invert the non-local
mapping and the bond-site transformation to obtain the symmetry operators in the basis of our original
family of models. This is, however, quite a difficult task. In [152], it was achieved by using the techniques
of [156], where an MPO is viewed as an automaton with a finite number of internal states. The transitions
between these internal states can incorporate the rules of the non-local mapping (7.10) and the bond-site
transformation (7.6), eventually yielding the MPO symmetries in our original basis. Here we omit the
technical details of this computation and only present the final results.

To account for the non-local nature of the mapping (7.10), the bond dimension D of the MPOs in the
original basis has to be increased. The local tensors can be written in the form

L=A[N) M+Ba[1) H+Co ) (T+D) (], (7.18)

where A, B, C and D are D x D matrices acting on the auxiliary space. For the diagonal symmetries
B = C =0, the bond dimension is D = 8§ and the number of independent parameters is five. In the case of
the off-diagonal ones, the bond dimension is D = 10, and the number of independent parameters is still five.
The actual form of the matrices can be found in [152].

The MPOs do not depend on the parameters of the Hamiltonian, they commute with (7.1) for arbitrary
values of A and x. Moreover, the diagonal symmetries commute among each other, and also commute with
the individual Hamiltonian densities (), thus they belong to the commutant algebra [25]. On the other
hand, the off-diagonal ones do not commute with each other, only with the full Hamiltonian.

The property that the MPOs in the XXC model conserve spin (the number of |1) and |2) states) translates
to the conservation of domain walls in the original basis. As a result, all the symmetry operators commute
with the charge Q>. The diagonal ones also do not change the spin pattern, which means that they commute
with Q; as well. The off-diagonal ones, however, can interchange between the states |1) and |2), which in
the original basis corresponds to the displacement of domain walls. Therefore, the off-diagonal MPOs do
not commute with 0.

The diagonal MPOs already appeared in [25], while the off-diagonal ones were first observed in [152]
and they constitute the first off-diagonal MPO symmetries in any non-integrable system.

7.3 Persistent oscillations

To illustrate the ergodicity breaking effect of Hilbert space fragmentation, we consider quantum quenches

in the family of models given by (7.1). We prepare our system in an initial state |¥), let it evolve according
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to the Hamiltonian (7.1) and study the expectation value of some local operator <@(t)> By inserting two
complete sets of states (the eigenstates of the system), we can write this time-dependent expectation value

in finite volume as:
(O(1)) =Y. (H|a) (a|O|b) (b|Fy) e Er—Eal, (7.19)
ab
In accordance of what we already discussed in Chapter 2, in the long time limit (7.19) usually reduces to the
diagonal ensemble, since in systems without too many degeneracies, the phases of the off-diagonal terms

are sufficiently independent and cancel out. Therefore we get:

T oo

lim 1/T<(§(t)>dt:2\ (a|¥H) |* (a|Oa) . (7.20)
T Jo -

It is then argued, based on the (Generalized) Eigenstate Thermalization Hypothesis, that the predictions of
the diagonal ensemble (7.20) are reproduced by the (Generalized) Gibbs Ensemble for (integrable) non-
integrable models. Systems in which these hypotheses hold are assumed to equilibrate and not support any
oscillations in the expectation values of local observables.

The situation is different, however, if there are an exponentially large number of degeneracies present in
the spectrum of the model. In this case, the double sum of (7.19) can be reduced to the following, different

double sum:

1im (O(1)) = Y. Y (%la, j) (a, j|Ola,k) (a, k%), (7.21)

11— "
. a jk

where now a runs over the energy levels in the spectrum, while j and k label the different degenerate
eigenstates within an energy level, so that |a, j) and |a,k) are two independent eigenstates with the same
eigenvalue E,. From (7.21), it is clear that in this case the long-time limits of local expectation values
are not simply given by the diagonal ensemble, but they also involve off-diagonal terms. Moreover, if the
degeneracies in the spectrum can be lifted in such a way that their differences remain commensurable, one
can expect to observe persistent oscillations.

To demonstrate this phenomenon, we consider a particular example in our family of models. We choose

our initial state to be the state with all spins polarized in the x-direction:

¥ = |X) = W7 il ) (7.22)

This is a useful choice, because it breaks the U(1) symmetry of the models and excites states with all
possible values of the total magnetization, or equivalently, all sorts of combinations of particles and domain
walls. Starting from this state, we study the time-evolution of the local operator ¢*. (Since both the system
and the initial state are translationally invariant, the placement of the operator is irrelevant, and we omit the
site index j.) More precisely, we investigate the expectation value X (1) = (¥/(¢)|o*|¥(t)). Obviously, (7.20)

gives zero for the case of this operator, since it breaks the U (1) symmetry: it changes the total magnetization,
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Figure 7.2: Expectation value of 6* as a function of time following a quantum quench in the folded XXZ model

(A = K = 0) without a magnetic field (h = 0), starting from the state |X). The different curves correspond to increasing

maximal bond dimensions, while the Trotter time step is invariably 6t = 0.01. The inset shows the same curves
time-window.

magnified for times t > 1.6. The data confirms the non-vanishing asymptotic value of X (t) in the numerically reachable

while the eigenstates of the Hamiltonian are also eigenstates of the z-component of the total spin. Therefore
a non-zero long-time limit of the expectation value of the o* operator clearly signals the break-down of the
equilibration process to the diagonal ensemble. Furthermore, since the degenerate states correspond to the

different placements of the domain walls, we can split up these degeneracies by introducing a magnetic field

h and adding the term th to the Hamiltonian (7.1). As a result, we expect to observe oscillations in the
expectation value of o*, with a frequency directly given by .

7.3.1 Numerical simulations

We support our claims regarding persistent oscillations with numerical data, obtained from iTEBD [157,

158] simulations. A detailed description of this numerical technique can be found in Appendix E. Here, we
only list the specifications of the performed simulations.

Depending on whether we investigate the folded XXZ model or its non-integrable extension (i.e. whether

K is zero/non-zero), we represent the state of the system by an infinite Matrix Product State (MPS) with four

or six site unit-cells, respectively. The time-evolution operator is approximated by its first order Suzuki-
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Figure 7.3: Expectation value of 6* as a function of time following a quantum quench in the folded XXZ model
(A = k = 0) starting from the state |X). The different curves correspond to different values of the magnetic field h.
The maximal bond dimension is Xyq. = 1000, while the Trotter time step is 8t = 0.01. The numerical data confirms

the theoretical expectations in the simulated time frame: the introduction of a non-zero magnetic field results in the
appearance of persistent oscillations with a frequency directly given by h.

Trotter decomposition. The Trotter time step 8¢ and the maximal bond dimension Ymax vary throughout

different simulations, and are indicated in the caption of each figure. The computer code implementing the
algorithm was developed by the author, based on the example of [159].

First, we consider the folded XXZ model without its non-integrable extension, i.e. the case A = Kk =0
in the Hamiltonian (7.1). The numerical results corresponding to this case are presented in Fig. 7.2 and
Fig. 7.3. Fig. 7.2 shows X (¢) as a function of time, in the absence of a magnetic field, approaching a non-
zero asymptotic value. Unfortunately, the iTEBD algorithm used to obtain the numerical data is limited to
short times by the rapidly growing entanglement entropy in the system (as it is explained in more detail
in Appendix E). Nevertheless, in the observed time-window, the numerics agree with our expectations. To
check the validity of our results, we also used several different maximal bond dimensions.

The result of switching on a non-zero magnetic field is shown in Fig. 7.3, and it also supports our
theoretical considerations: instead of approaching a constant value, the expectation value X (¢) now shows
non-decaying oscillations with a frequency given by .

The situation is very similar even in the non-integrable extension of the folded XXZ model, as it can be
seen in Fig. 7.4, where A = 0.2 and ¥ = 0.5: in the absence of a magnetic field, the expectation value of

o tends to a non-zero stationary value in the simulated time-window. Switching on a magnetic field again
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Figure 7.4: Expectation value of 6* as a function of time following a quantum quench starting from the state |X). The
parameters of the Hamiltonian (7.1) are A = 0.2, k¥ = 0.5. The Trotter time step of the iTEBD simulation is 8t = 0.01,
while the maximal bond dimension is Yy,qr = 500. For h = L = 0, the expectation value has a non-zero stationary
value, while for h # 0, it exhibits oscillations, both being a sign of the break-down of thermalization. Turning on a
non-zero U breaks all MPO symmetries leading to the vanishing of X ().

leads to non-decaying oscillations in X (), with a frequency given by h.
To illustrate that the lack of relaxation is indeed the result of the Hilbert space fragmentation, one can

add the following perturbation to the Hamiltonian (7.1):
Hpers = 1} 0707105 (7.23)
J

The term (7.23) breaks the MPO symmetries of the model, and consequently the Hilbert space fragmenta-
tion. This symmetry breaking results in relaxation to the diagonal ensemble that predicts X (¢) to vanish.
Our numerical results confirm this expectation.

It is important to note that while the presented numerical results completely agree with our expectations
derived from the Hilbert space fragmentation scenario, they cannot be considered as complete evidence,

since the attainable time-window is limited by the applied numerical technique.

7.4 Summary

In this chapter, we investigated the origins of Hilbert space fragmentation together with its effects on
equilibration in the previously introduced folded XXZ model and its non-integrable extension. The non-

integrability of the extended model was verified numerically by calculating the level spacing statistics. We
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also outlined the algebraic origins of Hilbert space fragmentation by summarizing the construction of matrix
product operators that are responsible for it. However, we stress again that the author did not contribute to
this derivation.

The main result of the chapter is the numerical simulations of quantum quenches by means of the iTEBD
algorithm. These simulations support the theoretical considerations regarding the breaking of equilibration
due to Hilbert space fragmentation and clearly show the signs of persistent oscillations in the numerically

reachable time-window.



Chapter 8

Integrable spin ladder model

Even though one-dimensional integrable systems are exactly solvable in the sense that their eigenstates
together with their eigenvalues can be constructed analytically, more complicated quantities, such as cor-
relation functions and entanglement entropy are generally hard to compute. This is why finding simple
integrable systems is useful: they can serve as toy models to gain insights into physical phenomena, oth-
erwise difficult or impossible to study. In Chapter 6, we already introduced such a simple model, and also
listed a few other examples. The systems mentioned there all share the common property of having a simple
scattering phase that depends linearly on the quasi-particle momenta. In this chapter, we go a little further
and ask the natural question: what is the simplest possible scattering phase (or S-matrix) for an interacting,
Hermitian quantum spin chain?

Obviously, the simplest choice would be a constant, meaning that S does not depend on the mo-
menta. However, with just one particle type, there are only two possibilities, S = +1, corresponding to
free bosons/fermions. On the other hand, with more than one particle species, a non-trivial scattering phase
can be introduced between particles of different types. In this chapter, we derive such an integrable spin
ladder model with two types of particles that has this property, i.e. has a constant, but non-trivial scattering
phase. This feature resembles anyonic [ 160—162] and parafermionic [163—165] systems, however our model
is different in that the anyonic scattering phase is the result of a local interaction between usual spin degrees
of freedom.

The work presented here is based on [166], and is organized as follows: in Section 8.1, we introduce
the model and point out its connection to quantum circuits. Section 8.2 contains the solution of the model
by means of Jordan-Wigner transformation and the coordinate Bethe Ansatz. Finally, in Section 8.3, we

investigate the entanglement properties of the system both analytically and numerically.
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Figure 8.1: The geometry of the spin zig-zag ladder. Particles can hop separately either on sub-lattice A or B. Their
hopping amplitude, however, depends on the occupation number of the other sub-lattice as well.

8.1 The model

We introduce and investigate a one-dimensional spin-chain defined by the Hamiltonian

L)2
H(y) = Z h2j2j12j+2(Y) Fhojy12j122j+3(=7)], (8.1)
=1

where the Hamiltonian density is given by

iyos, | ~+ + ,—iY05 | ~— _ -n. + 4T _
Mo ,+0;e J*Gj+2}— [Gij+1Gj+2+GjD o

j+10j42] - (8.2)

hjji1jr2(y) =— [Gfe

Here the o;-s are the usual Pauli matrices acting on site j, ¥ is a real parameter of the model and we

assume that the length of the chain L is even. Moreover, we introduced the notation D; = 670 = cos(y)1+
isin(y)o;, and consider (if otherwise not stated) periodic boundary condition.

The Hamiltonian (8.1) is invariant with respect to spin-flips. Also, it is easy to verify that it conserves

the z-component of the total spin separately on the sub-lattices composed of the even and odd sites:

L2 L2
[H,ZGZZ]-] = [H,ZGZZH]] =0. (8.3)
= =

Thus, by interpreting the state with all spins up as the vacuum, and down-spins as particles, the Hamiltonian
(8.1) can be seen as a spin ladder in a zig-zag geometry (see Fig. 8.1): it describes the hopping of particles
separately on the even (denoted by A) and odd (denoted by B) sub-lattices. The hopping amplitude of the
particles on one sub-lattice, however, also depends on the occupation number of the other sub-lattice. This
fact introduces an interaction between particles that can be tuned by the value of the parameter y. At y =0,
this interaction vanishes and the model reduces to two independent XX chains.

The Hamiltonian (8.1) was originally introduced in [166]. Similar models in the literature include the
extended XX model [167, ], the Bariev model [169] and a super-symmetric hopping model [170]. We
also note that in [171] a very similar model was considered and some of their findings regarding the entan-
glement entropy overlap with our results presented in Section 8.3.

The model is integrable for arbitrary values of ¥, meaning that it has infinitely many conserved charges
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that are in involution. These charges can be obtained as diagonal dressings of the known charges of the XX
model [172], and they are organized into four families corresponding to the sub-lattices A and B and two

»chiralities”. Due to their locality, the charges are written as sums of local densities:

L/2 L/2

0t =Y 4ut(2)), Z wt(2j+1), (8.4)

together with their adjoints Qﬁ/ B = (Qﬁ/ B’+)T. The label a gives the span of the charge density and can
assume any odd integer value. The first charges correspond to o = 3, and are actually terms from the
Hamiltonian:

A - P -
4" (2)) = 02JD121+102]'+27 (2j+1)= 02+j+1D21'+262j+3‘ 8.5)

Higher charges are obtained by dressing the hopping terms G]:'_ Oy, o1 according to the following rule: we
insert an operator sz- for every site k < j < k+ a — 1, if j belongs to the same sub-lattice as k, while an

operator D, if we j belongs to the other sub-lattice. For a = 5, this algorithm yields:
A , 0 - Bt -
g5 (2)) = G;jD;j+IG2Zj+2D2j+3 Oyjrar 45 (25+1)=03;1D2j1203; 3D 140, 5. (8.6)

The commutation of the charges constructed this way can be verified by direct computations.
We note that the model can also be embedded into the QISM framework of medium-range systems,
developed in [145]. A local Lax-operator together with an R-matrix can be found and the charges can be

generated from a transfer matrix. Here, however, we do not discuss this construction.

8.1.1 Connection to an integrable quantum circuit model

Above we claimed that the model possesses an infinite tower of conserved charges and therefore is in-
tegrable. This claim can be made even more rigorous by relating the Hamiltonian (8.1) to an integrable
quantum circuit, which we do in this section. To establish this connection, we use the integrable Trotteriza-
tion scheme developed in [173]. First, we sketch the method in general and then show, how it can be used
to recover the Hamiltonian (8.1).

We start with a continuous time, integrable model corresponding to some (unitary) R-matrix in finite
volume and even length. For our purposes, the XXZ model is needed, however, the method is actually
applicable more generally. In the case of the continuous time model, the time-evolution is generated by the

Hamiltonian via

lw(t)) =e ™ y(0)), (8.7)

while the aim of the Trotterization scheme is to obtain an integrable discrete time-evolution operator V, such

that the equation
[Wis1) =V W) (8.8)
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recovers (8.7) in the appropriate limit. This can be achieved by choosing the operator
Ujjt1 = Rjj11(3) (8.9)

as the building block of time-evolution, i.e. the local unitary quantum gate that acts on two neighboring
sites. Here R(u) = PR(u), with P being the permutation operator, while the value of the parameter § will
be important to recover the continuous dynamics. One can then construct a brick-work type time-evolution
operator V (see Fig. 8.2) as

V=WV, (8.10)

where V) and V) are given by
Vl :U172U3’4...UL71,L, V2:U273U475...UL71. (8.11)

The continuous dynamics is recovered from the discrete time-evolution by setting the rapidity parameter &
to be infinitesimal: 6 = —ir/n, with n being large. Using the regularity property of the R-matrix, and the
construction of the Hamiltonian from the R-matrix, we then arrive at U; j.1 ~ 1 —ith; j.1 /n. Accordingly,
taking the n — oo limit leads to

lim V" = ¢ 4, (8.12)

n—oo
The important feature of this construction is that V is a member of a set of commuting, conserved charges.

More precisely, a staggered, inhomogeneous transfer matrix can be defined as
t(u) =Try [Rap(u—6/2)Ryp—1(u+6/2)...Ry (u+9/2)], (8.13)

which commutes for different values of the rapidities: [¢(u«),#(v)] = 0. It can be shown [173], that the discrete

time-evolution operator V' stems from 7(u) through the expression
V= 1[1(-8/2)] '1(8/2). (8.14)

Moreover, f(u) can be used to generate two sets of local, commuting conserved charges:

n

0, = ——logt(u) : (8.15)
du u==+56/2

which are invariant under translations by two lattice sites, and have charge densities that span 2n + 1 sites.
The existence of these charges means that V is indeed integrable.

So far, we described the Trotterization scheme in general. Now, we choose an explicit example for the
quantum gate U and show that it originates from the XXZ spin chain as a special limit and that it is also
related to our spin ladder model.

Since we are interested in simple systems, we try to choose the simplest possible U as well. The most
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trivial cases are U = 1 and U = P. However, the former does not generate any dynamics at all, while the
latter results in the free propagation of particles. To see some non-trivial dynamics, one can modify the

permutation operator P with some constant phase factors and choose U in the following way:

1 0 0 0
0 0 &7 0

U= ¢ (8.16)
0 &7 0 0
00 0 1

As it turns out, this slight modification is enough to introduce interaction between particles. (This can be
checked for example by numerically simulating the time-evolution generated by U after a quantum quench,
using the iTEBD algorithm and calculating the bipartite entanglement entropy. It increases linearly in time,
signaling that indeed there is interaction between the two halves of the system.)
The quantum circuit model corresponding to (8.16) was investigated in [174]. For us, it is however more
important that U can be obtained from the R-matrix of the XXZ model (3.42) with (3.44) as the limit
U= lim R*(u)

U——ioo n=iy’

(8.17)

This means that the considerations presented above are valid for the discrete time-evolution operator built
from (8.16). To illustrate its connection to our original spin ladder Hamiltonian (8.1), we calculate the first

conserved charges according to (8.15). This gives local operators
O =Y ar(2j),  0r=Ya@j+). (8.18)

where the charge densities can be expressed in terms of a general R-matrix as:

g1 (1) = Ri2(=8)R3(0)R12(8) + Ri2(—8)R}5(8),

(8.19)
gy (1) = Ri2(8)Ri3(0)R12(—8) + R12(8) R (~9),

where (...)" denotes differentiation w.r.t. the rapidity. Substituting in here the R-matrix of the XXZ model
with 11 = iy and taking the 6 — —ico limit gives the charges that commute with the time-evolution operator

built from (8.16). In terms of Pauli matrices, these charge densities are given by

[sin(y) (01650 — 0] 030%) +cos(y) (] % + 6} 0} + 0705 — 1)],
(8.20)

l\)\»—l\)\'—

[sin(—7) (0] 0303 — 6] 650%) + cos(~1)(0F 0 + 0] 0} + o705 — 1),

which are just (up to a similarity transformation) the terms in the Hamiltonian (8.1). Thus, our model fits

into the family of charges generated by (8.15), which guarantees its integrability.
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Figure 8.2: Brick-work type time-evolution implemented by V. At each time step, first Vi, then V, acts on the appro-
priate sites. Based on a similar illustration in Ref. [173].

8.2 Solving the model

Due to its integrability, the model allows for an exact solution that we construct in this section.

8.2.1 Jordan-Wigner transformation

As it was already mentioned, in the case of y = 0, the two sub-lattices decouple to two independent XX
spin chains. It is well known that the XX model is free and solvable through Jordan-Wigner transformation
[175]. As it turns out, a similar transformation is possible even for non-zero y. To show this, let’s introduce
creation/annihilation operators for the two sub-lattices in the following way:
CA(2]) = D]O'éD_gO'f . ijszzj_lcjj,

(8.21)
?(2j+1) = 6{D205Dy... 05, D105,

and also their adjoints ¢*7(2;j) and ¢7(2j + 1). It is then not hard to directly compute the anti-commutation

relations of these operators. Within the same sub-lattice, we get:

{A(2)),c*(2k)} =0, {A(2)),cM(2k)} = 8, (8.22)
{B2j+1),Ll2k+1)} =0, {B2j+1),BT2k+1)} = i, (8.23)
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which are just the well-known anti-commutation relations of free fermions. In the relation between operators

of different types, however, a non-trivial phase factor is present:
AH)Bk+1)=TE2k+1)cA(2k),  j<k (8.24)

The appearance of the factor exp(2iy) signals a partially anyonic behavior. In terms of the creation/annihilation

operators, the Hamiltonian (8.1) is written as

L/2—-1
H=— /Z (A2 +2)cA(2)) + BT (2 +3)P(2j+1)] +he. (8.25)
j=1
This Hamiltonian is quadratic i.e. all effects of the interactions are contained within the definitions of the
creation/annihilation operators.

From the anti-commutation relations, it is also clear that the model interpolates between two free sys-
tems. Not surprisingly, for ¥ = 0 operators belonging to different sub-lattices commute with each other.
Therefore the sub-lattices decouple, and we are left with two usual Jordan-Wigner transformations for two
independent XX spin chains of length L/2. The other free point corresponds to ¥ = m/2. In this case,
(8.22)-(8.24) reduce to a single usual Jordan-Wigner transformation for a chain of length L. The Hamilto-
nian, however, does not become the XX Hamiltonian, but one of its higher charges.

8.2.2 Bethe Ansatz solution

At the free points, the Hamiltonian (8.25) is diagonalizable through Fourier-transformation (see for example
[176]). For generic values of ¥, this is not possible, however, the eigenstates can still be obtained using CBA.
We choose the state with all spins up as the vacuum, and interpret down spins as particles. Since particles

can only hop within the same sub-lattice and the particle number is separately conserved on each of the

and b = {b;};—1 . n, (with Ny and Np being the number of type A and type B particles) which can assume
values from the even and odd numbers, respectively.

One-particle states

Direct computation shows that the states with one A or B particle, defined as

A .
Py =Y e a2 gy By = Y2 ) (8.26)

a b
are eigenstates of the Hamiltonian (8.1), with one-particle eigenvalue e(p) = —2cos(p). The parameter

y appears in the wave functions due to the hopping amplitude depending on it, while the factor of 1/2
in the exponents is the result of the fact that the particles effectively live on a chain of length L/2, while

their coordinates a and b are ,,measured” with respect to the whole chain. The periodic boundary condition
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provides the following quantization conditions for the momenta:

P2 PPHYL2 (8.27)

Two-particle states

Eigenstates containing two particles belonging to the same sub-lattice can be constructed as

Ip¥, pY) = Z {ei(ﬁ?al-&-ﬁgaz)/z _ Al PToa+pFon)/2 lo, ), (a=A,B), (8.28)

o <0
where for o = A, we have p* = p* — v, while for a = B, ¥ = p® +y. From (8.28), it can be read off that
the scattering phase between particles of the same type is given by
Saa =Spp=—1, (8.29)

which corresponds to free fermions. In contrast, states containing one A and one B particle are written as

A, pP) = Zei(p“fy)a/2ei(p3+7)b/2 [Te "¢ a,b). (8.30)
a,b

a<b b<a

From (8.30), it then follows that the scattering phase between particles of different types is
Sap = (Spa) ' = €*7. (8.31)

The scattering phases (8.29) and (8.31) are consistent with the anti-commutation relations, (8.22)-(8.24).
The eigenenergies of the states (8.28) and (8.30) are given by the sum of the one-particle energies, E =

—2(cos(pf) +cos(ps)).

N-particle states

Thanks to integrability, the two-particle scattering phases completely determine the dynamics, and are
enough to construct all eigenstates of the model. The wave function of an eigenstate with particle num-
bers Ny and Njp is given by

x(a,b) =det AdetB]Je "] e"a.b), (8.32)

a<b b<a

where the matrices .4 and 3 have components

Aj = P —a/2. Bj = AP Hb/2 (8.33)



8.2. SOLVING THE MODEL 108

The energy eigenvalue is still the sum of the one-particle energies:

NA NB
E=Y e(p})+Y e, (8.34)
=1 j=1

while the momenta are quantized due to the periodic boundary condition and satisfy the Bethe equations:

GPIL/2 — (71)NAfleiy(L/272NB)7

QPTLI2 — (— 1)Ne—1gmir(L/2=2Ns), (8.35)

These equations are almost free, expect for a twist factor that depends only on the overall particle number

and couples the different momenta.

Open boundary condition

We note that with open boundary condition, the situation is even simpler. It can be shown that in this case the
Hamiltonian (8.1) for arbitrary value of 7 is related to H(0) by a simple diagonal similarity transformation.

More precisely, if we introduce the operator

D— H /1930511 /4 H e—iY°§k+1°§j/47 (8.36)
2j<2k+1 2j52k+1

then the following equation holds:
DH(y)D~!' = H(0). (8.37)

This means that D decouples the two sub-lattices and that the spin-ladder model has the same spectrum as
two XX spin chains of length L/2. Thus, the model is effectively free, and belongs to the class investigated
in [177, 178]. The two sub-lattices, however, are still entangled for y # 0: even though the XX model is free,
and is solvable in terms of independent Fourier modes, due to the highly non-local nature of the operator D,

there is entanglement between the two legs of the ladder, in the original spin basis.

Thermodynamic limit

It is easy to consider the ground state in the thermodynamic limit by introducing the root densities p*(p)

and p53(p). The energy density of the system becomes

E T dp

lim == | 2 (p*(p) +p(p))- (8.38)

In the ground state, the root densities are constants, given by

1, if |p| < Z,
A/B Pl<3 (8.39)
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This gives —2/m for the energy density, which is the same as in the XX model.

8.3 Entanglement properties

Due to its relative simplicity, the system can serve as a toy model to study different physical phenomena. The
most interesting one is most probably the entanglement entropy between the even/odd sub-lattices that can

be tuned by varying the coupling constant y. Here we study this quantity, both analytically and numerically.
8.3.1 Correlations between sub-lattices
To demonstrate that the interaction indeed entangles the two sub-lattices, we calculate the following con-

nected correlation function:

Cy = (y|o, oioy |v) — (wloy o5 |lv) (vlof|w), (8.40)

where |y) is an arbitrary eigenstate of the system, with particle numbers N4 and Ng. We choose the operator
in (8.40), because of two reasons: one, it contains a hopping term, which is needed to see non-trivial effects,
and two, it is a certain combination of the conserved charges of the model, which makes it easy to evaluate

(8.40). Accordingly, we can start by computing the expectation value of the conserved charge Qg‘fz

2(057)
L

(Wlcos(1)Gy 05 +isin(y)o; 670y |y) = — 2w, (8.41)

where we introduced

1 N i
W=~ ; e (8.42)
]_
By applying the Hellmann-Feynman theorem, we can take the derivative of (8.41) with respect to v, to
obtain:
: — ot — it 2 2 iph . A .
(y|—sin(y)o, 0,” +icos(y)o, oi0, |y) = ZQYW =7 Zle 1idy(pj) = 2impW. (8.43)
]:

Here we used the Bethe equations (8.35), to calculate the derivative dy( p‘;‘) and introduced the notation
mp = (L —4Np)/L for the magnetization on sub-lattice B. Equations (8.41) and (8.43) form a system of
linear equations for the expectation values (y|o, {0, |y) and (y|c, 05" |y), from which the correlation
function Cy, is easily obtained:

Cy = 2Wisin(y)(mj — 1). (8.44)

In the thermodynamic limit, W becomes

% d
limw= [ %P

A ip
im L anP (p)e”, (8.45)
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Figure 8.3: Sub-lattice entanglement entropy density in the ground state, as a function of the coupling constant 7, for
different system sizes.

which, in general has a finite value, therefore Cy, is indeed non-zero.

The correlation function vanishes, however, if Y = 0, which is trivial, since in this case the two sub-
lattices decouple, or in the case when either sub-lattice is fully polarized. If sub-lattice B is fully polarized,
i.e. has magnetization mp = +1, the factor m% — 1 gives zero, while if sub-lattice A is fully polarized, its

root density becomes constant, and W vanishes.

8.3.2 Numerical results

We also investigate the sub-lattice entanglement entropy by numerical means, both in equilibrium and non-
equilibrium situations. To this end, we use exact diagonalization in finite volumes and calculate the von
Neumann entropy

S = —Tr(palogpa), (8.46)

with py = Trpp being the reduced density matrix corresponding to sub-lattice A, while p is the density
matrix of the whole system. Since S is extensive, we consider its density s = /L. Besides some finite size

effects, s is expected to be independent of the length L.

Ground state

We calculated the sub-lattice entanglement entropy in the ground state of the system in different volumes L
and different coupling constants y. The results are presented in Fig. 8.3.

As it can be seen, the entanglement entropy is maximal at Y = /2, which might be surprising in the
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Figure 8.4: (a) Sub-lattice entanglement following a quantum quench, with L = 20 and various coupling constants.
(b) Sub-lattice entanglement following a quantum quench, with y = /2 and various system sizes.

light of the fact that at this point the model reduces to free fermions, suggesting zero entanglement. This is
the a manifestation of a more general phenomenon: entanglement entropy computed in terms of the original
spin basis and the fermionic degrees of freedom only agree for connected sub-systems [179]. For non-
connected subsystems (such as the even/odd sub-lattices A and B), the Jordan-Wigner transformation causes

differences between the two definitions of entanglement.

Quantum quench

We also studied the time-evolution of the entanglement entropy, following a quantum quench that starts

from the the state |X), polarized completely along the x-axis:

o (1)
X) = ?_gl) < 7 > : (8.47)
We both considered quenches with a fixed length and different coupling constants (see Fig. 8.4 (a)), and
different lengths with a fixed coupling constant (see Fig. 8.4 (b)).

It can be seen that the entropy increases quite rapidly and reaches a plateau. The height of the plateau
depends on the coupling constant, and similarly to the equilibrium case, it is maximal at y = 7/2. Moreover,
it is also apparent that the entanglement entropy is indeed extensive, however there are more significant finite
size effects now, compared to the equilibrium situation.

Other initial states lead to qualitatively similar results.

8.4 Summary

In this chapter, we introduced an integrable spin-ladder model that supports two particle types, living on the
even/odd sub-lattices of the system. The particles exhibit partially anyonic behavior, and have really simple
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scattering phases, which makes this model one of the simplest interacting integrable systems. As a result, it
could potentially serve as a toy model to analytically treat such problems that are otherwise out of reach for
usual integrable systems. A possible application might be the construction of interacting Bethe states on a
quantum computer [ 80-183].

We constructed the eigenstates of the model by means of CBA and showed that by tuning the coupling
constant 7, the system interpolates between two free fermionic points.

We also studied the behavior of the entanglement entropy between the even/odd sub-lattices, both ana-

lytically and numerically, in and out-of-equilibrium.



Chapter 9

Thesis statements

1. I worked out a rigorous proof for a formula that describes the mean values of the (generalized) current
operators of the XXZ spin-1/2 chain in finite volume. (The formula was originally conjectured by
my supervisor.) The proof is based on a form-factor expansion that I established for the XXZ model
by using its ABA solution and the solution of the quantum inverse scattering problem. Using this
expansion theorem, I first calculated the form factors of the charge operators, and then, by utilizing
the continuity equation, I computed the form factors of the currents. By the repeated application of
the form-factor expansion theorem and with the help of the newly obtained current form factors, I
calculated the expectation values of the (generalized) current operators in arbitrary eigenstates of the
XXZ model in finite volume. This result provides a rigorous theoretical foundation for one of the

underlying assumptions of GHD and was published in [82].

2. Textended the results described in the previous point to the non U (1) symmetric XYZ spin-1/2 model.
To this end, I used the known generalized ABA solution of the XYZ model and the algebraic con-
struction of the current operators that was first found by my supervisor. Using these tools, I calculated
the mean values of the (generalized) current operators in arbitrary eigenstates of the XYZ model in

finite volume and proved a similar formula to that of the previous point. The results were published

in [73].

3. As part of a larger collaboration, I re-derived and studied the so-called folded XXZ model, which
is an integrable system with a particularly simple two-particle scattering phase. Our results were
published in [141]. My main contributions to [141] were the calculation of the charges of the folded
model starting from the known charges of the XXZ spin-1/2 chain, the calculation of the ground
state properties of the folded model and the numerical simulation of the time-evolution, following
a quantum quench. Additionally, I also contributed to obtaining the Bethe Ansatz solution of the
folded model and to the calculation of the exact time evolution of the so-called emptiness formation

probability, following a specific quantum quench scenario.

The folded XXZ model exhibits Hilbert space fragmentation, leading to the breakdown of thermal-
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ization in this system. I studied this phenomenon by numerically simulating the real time-evolution
following a global quantum quench using the iTEBD algorithm. My implementation of the numer-
ical method is based on previously existing code that I modified to the needs of the medium-range
folded XXZ model. My numerical results support the theoretical considerations and show persistent
oscillations that signal the breakdown of equilibration. I also performed the same analysis in the case
of a non-integrable extension of the folded XXZ model, whose non-integrability I demonstrated by
numerically calculating its level spacing statistics. The results related to this non-integrable extension

were published in [152].

. As part of a collaboration, I introduced and studied a one-dimensional anyon-like spin chain, which
constitutes one of the simplest interacting integrable systems. My main contribution to this research
was the derivation of the charges of the model through its connection to a particular limit of the
integrable Trotterization of the XXZ spin chain. Moreover, I also contributed to solving the model via
CBA and to the analytical and numerical calculations of the entanglement entropy in the system, in

both in- and out-of-equilibrium situations. Our results were published in [166].
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For the sake of completeness, here we present the commutation relations between the elements of the mon-
odromy matrix for the XXZ model. The commutation relations are contained within the expression (3.36)

Commutation relations of the monodromy
and the R-matrix has the form (3.42). Their explicit forms read as:

matrix elements
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where the functions f(u,v) and g(u,v) are defined in (3.54).



Appendix B

Explicit form of the charge and current
operators

Here we present the explicit form of the first few charge and current operators in the XXZ and XYZ models.
The set of local conserved charges is encoded by the transfer matrix. However, a practically more convenient
way of explicitly calculating these charge operators is provided by the boost operator 5, which is defined on

an infinite chain by the formal expression [184, ]

B= Z Jhj i1, (B.1)

Jj=—o

where /; ;1 is the Hamiltonian density. With the help of B3, the charge operators can be obtained recursively:

N

Qg1 = i[B,Qa] + const. (B.2)

The constant term on the r.h.s. of (B.2) is not fixed by the boost operator. In the expressions below, we
chose them to match the construction coming from the transfer matrix according to (3.48) or (3.51). First,

we consider the more general case of the XYZ model.

B.1 XYZ model

It is convenient to introduce the vectors ¢ 1 & j and & j with elements given by

N N JJyJ.
@)=ct (@), =vach  (6),= " @
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where o7 (a = x,y,z) is the appropriate Pauli matrix at site j and the J,’s are the coefficients in the Hamil-

tonian (3.10). Using this notation, the first three higher charge densities can be written as [143]:

A

. 1
g3(j) = — 2<G XG}+1> (<4707

41(J) = ((6;%811) X8 42) 613+ JeG ;- O n+ Y, J76760,—

a=x,y,z

—2(]3 +J§+Jzz)hj’j+1 —|—C4,

4s(J) = —3{ [((G x8;11) ><Qj+2> ng+3] LIRS

a,b,c

(B.4)

A

Ty,
Ja

a~b
Eabc( j Y+ +3+

+6765,167,3) = ), €ave; 6 j+16;+2} —4(JF I +I2)d3 ().

a,b,c

Here - and x denote the usual scalar and vector products, respectively, while &, is the Levi-Civita symbol.

The constant Cy is defined as:
3

1 d
Ci=3 3<10gh(u+n)> (B.5)

u=0
The current and generalized current operators describing the flows of the charges are defined through the

continuity equations (4.1) and (4.3), respectively. The first few of these current operators are given by:

~

. 1
L(j) =5 (Gj 1><G> Gt

(@ ixe) oy et s L seres 2 B ).

a=x.y.z
(B.6)
{ G, 2%x6; 1) %8;) 65+ ((6,21%6;)xGji1) Gjint
+ Y 2(6%,69+696%,) — 2(Jf+fy2+fz2)(hj17j+hj,j+1)+21xfyfz<’jI'GJ“}'
a=x,y,z

From (B.4) and (B.6) it can be seen that J>(j) = —g3(j — 1).

B.2 XXZ model

Obviously, the charges and currents of the XXZ model can be recovered from (B.4) and (B.6) by substituting
inJ,=J, =1and J, = A. However, for the sake of completeness, and because our conventions for the XXZ
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and XYZ models slightly differ, here we also list them separately:

. 1
QS(J):m(G XG/+1) 6,

A . 1 5 5 6 6
G4(j) = (A2—1p32 [A (0;°0j40=6;6.1) +((6;%641) X 6j15) 613 _hf’f“]’
A . 1 o)
as() = 13 [((67%6,1) % 8512) x 853|854 13 Y, (Bul1-A) 4 M) (g7)
(A __1) a,b,c
(676712653 +6765163) =3 ) (1+8(A - 1))28abc 76711650+

a,b,c
+2A(75A2+2A4)c?3(j)},

where the vectors & ; i (o3 j and o ; are still defined as in (B.3), but with the special choice J, = J, = 1 and

J, = A. The current operators are given by:

N 1

L (j) = ﬁ(@jq XQJ'> G

s 1 . < A

J3<J):_A2_1{(("jlxc)x"m J+2+< Y Ji6767 - (2+A2)hj,j+1> +2A']1}v
a=x,y,2

. 1 A ~ ~ ~ A
fS(J)__z(Az_l)m{((GJZXGH) x8;) 81+ ((8,21%8;) % 811) Gjiat

+ Y (60,67 +6¢6%,)— 2(2+A2)(hj_1,j+h,-,j+1)+2Aoj_1.oj+1+2A']1}.

a=x,y,z
(B.8)



Appendix C

Numerical validation of the current mean

value formulae

In order to numerically verify our mean value formulae, we compared expectation values obtained from
exact diagonalization to the predictions of (4.4), (4.5) and (5.1). Here, we present these numerical results

both for the XXZ and XYZ spin chains, for several different volumes and parameters of the models.

C.1 XXZ model

The first few charge and (generalized) current operators of the XXZ model are presented in Appendix B. To
obtain their mean values by exact diagonalization, one needs to calculate numerically the exact eigenstates
of the XXZ Hamiltonian (3.5). However, the direct diagonlization of H alone is not the most convenient,
because of the large number of degeneracies present in the energy spectrum. Therefore, we numerically
constructed in a finite volume L the first 5 charges of the XXZ model, and diagonalized their sum. (Equiva-
lently, one can lift the degeneracies by constructing the transfer matrix of the model at a few random values
of the spectral parameter, and diagonalizing the sum of these operators, instead of the Hamiltonian.)

To evaluate the formulae (4.4) and (4.5), one needs to find the Bethe roots describing the eigenstates of
the model. The Bethe equations (3.28) can be solved by using some standard iterative numerical method,
for example Newton’s method. (To do this, it is actually more convenient to consider the logarithmic form
of the Bethe equations (3.29).)

Here, we use a more elegant way of finding the Bethe roots that does not require the selection of some
appropriate initial values, like the aforementioned iterative techniques, and that can yield all eigenstates of
the model. This method was originally developed in [186] and is based on Baxter’s famous T — Q relation,
which he used to diagonalize the transfer matrix of the six-vertex model [11]. Without details, we present
here the relevant statements of Baxter’s construction in order to lay the foundation for the numerical method.
(Detailed derivations can be found in [1 1], while [58] contains a shorter, but more pedagogical discussion.)

Starting from the existence of commuting transfer matrices, it can be shown that there exists a matrix
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Q(u)! that commutes with the transfer matrix and with itself for different values of the spectral parameter.
Moreover, the matrix Q(u) satisfies a functional matrix equation together with the transfer matrix #(u), called

the T — Q relation. This equation holds on the level of the eigenvalues ¢(u) and A (u) as well, and reads as:

O(utin)A(u)q(u+in/2) = ¢(utin)g(u—in/2)+ ¢ u)q(u+3in/2), (C.n

with ¢ (1) = sin’(x), and where the eigenvalues of Q(u) can be written as g(u) = j—1sin(u— A;), with the
A;’s being the Bethe roots and N is the particle number. (Since Q(uz) commutes with the transfer matrix,
they share the same eigenvectors, therefore for each eigenvalue of Q(u) corresponds a well-defined particle

number N.) We note that the 7 — Q relation is usually written in a slightly different form
A(@)g(#) = @@+ 1)q(a—27) + ¢ (@ — 7)g(a+27), (C2)

where the tildes over the symbols are meant to clarify that these are not the same quantities as in (C.1). The
differences of (C.1) compared to (C.2) amount to a shift in the rapidities, a redefinition of the parameter 1
and a change in the overall normalization of the transfer matrix, and were put forward just to stay consistent
with our conventions introduced in the main text.

The T — Q relation is basically equivalent to the Bethe equations: after dividing both sides of (C.1) by
q(u+in/2), it appears that the r.h.s. is singular at the points u = A; — i) /2. However, it is known that A ()
is an entire function of the spectral parameter, therefore the I.h.s is regular. To resolve this contradiction, the
following consistency relations have to hold:

9(Aj+im/2) _ q(Aj+in)

— o i=1,....N, C.3
oAi—mj2)  a—m 7 ()

which are nothing else, but the Bethe equations (3.28).

After this brief theoretical introduction, we can now describe the numerical method used to calculate the

Bethe roots:

1. First, we construct the transfer matrix 7(«) in a finite volume L, and at a random point u, and cal-
culate its eigenvalues and eigenvectors. Because of the commutativity of the transfer matrices, the

eigenvectors do not depend on u.

2. Then, we calculate the transfer matrix eigenvalues at additional points u, by constructing #(u;) and
acting on its eigenstates obtained earlier. The number of points u; in which A (i) has to be known is

N + 1 for an eigenstate with N particles.

IThis matrix is denoted by Q for historical reasons, however it is important to note that it is different from the charge operators
or the charge generating function, defined in the main text.
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L M 2o = |
1. 0.508 1 0 -0.508 i
2. 0.2034 i -0.2034 1
3. 1.571 0.1533 1 -0.15331
4. -0.597 0.597 0
5. 1.571 + 0.5911 1 - 0.04908 i -0.54211
6. -0.15251 -0.95181
7. 0.9879 1 -0.2253 1
8. 0
9. -1.571 +0.3284 i 0.24511 -0.57351
10. || -0.5973 + 0.27081 | 0.5973 + 0.2708 i -0.54151
11. -0.4147 1
12. -1.571 0
13. 1.571-0.642 1 -1.5714+0.642 i 0
14. -1.571 0.6199 1 -0.61991
15. -1.571+0.2151 -0.27911
16. 1.0151 -1.0151
17. 0.597 -0.597
18. || -1.571-0.41621 1.571 +0.7059 1 -0.2898 1
19. 1.571 +0.69981 | -0.5976 - 0.34991 | 0.5976 - 0.3499 i
20. 1.571 + 1.254 1
21. 1.571 + 0.6456 1 1.234 1
22. -1.184 1.184 0
23. 1.571 -0.597 0.597
24, 1.571 +0.2924 i -1.0551
25. || 1.571-0.097041i | -1.571+0.75481 -0.65771
26. 1.571
27. | -1.571-0.3468 i 1.571 + 0.3468 i
28. 1.571-0.7959 1 1.571 1.571 +0.7959 i

Table C.1: Bethe roots in the XXZ model for A = 1/e and L = 6. For brevity, whenever two degenerate states are
connected by space or spin reflection, we only kept one of them.

3. By introducing the variable x = ¢™, the function g(u) can be written as a polynomial in x:

N
q(x) _ ZCkXZka,
k=0

(C4)

where the ¢;’s are N 4 1 unknown coefficients. However, the T — Q relation (C.1) together with the

transfer matrix eigenvalues calculated in the previous point provide N 4 1 algebraic equations which

can fix the ¢;’s and therefore determine the function g(u).

4. From the form of the function g(u), it is obvious that g(u = A;) = 0, therefore finding the zeros of

¢q(u) yields the Bethe roots.
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Tables C.1 and C.3 contain the Bethe roots for systems with L =6, A = 1/e and L =7, A = 2, respectively,
while Tables C.2 and C.4 contain the corresponding charge and current expectation values. We find that the
numerical results coming from exact diagonalization and the mean value formulae (4.4), (4.5) agree with
high precision (therefore we only display them once, just for the sake of reproducibility). Here we only
present numerical data for the XXZ model. The solutions of the Bethe equations for the XXX spin chain,
obtained by the method explained above, are presented in [187], and can be used to confirm the predictions

of the mean value formulae in that model as well.

L I & [¢0) | (0 | (05) [(h) ]| () | (B) |
1. || -11.264 0 9.752 0 0 26.814 | 9.752
2. -9.661 0 17.279 0 0 14.396 | 17.279
3. -7.652 0 20.575 0 0 7.278 | 20.575
4. -6.943 0 20.447 0 0 0 20.447
5. -6.526 | -5.062 | 13.574 | -40.724 | 9.415 | 6.674 | 13.574
6. -6.223 | -3.800 | 9.476 | -63.910 | 7.068 | 9.652 | 9.476
7. -5.749 | -2.003 | 4.405 | -77.430 | 3.725 | 13.168 | 4.405
8. -5.472 0 18.617 0 0 0 18.617
9. -4.943 | -0.529 | -0.899 | 57.104 | 0.984 | 17.150 | -0.899
10. || -4.048 | -2.581 | -2.949 | 5.591 | 4.799 | 12.663 | -2.949
11. | -3.472 | -3477 | -2.729 | -27.971 | 6.466 | 12.045 | -2.729
12. || -2.943 0 14.641 0 0 0 14.641
13. || -2.479 0 19.898 0 0 -7.370 | 19.898
14. || -2.070 0 -13.564 0 0 18.400 | -13.564
15. || -2.001 | -4.256 | 0.545 | -71.577 | 7915 | 6.162 | 0.545
16. || -1.972 0 -4.979 0 0 9.255 | -4.979
17. || -1.472 0 1.830 0 0 0 1.830
18. || -0.943 | -3477 | 2.729 | -53.830 | 6.466 | 3.272 | 2.729
19. || 0.111 | -1.585| 2.282 | -12.753 | 2.948 | -3.402 | 2.282
20. || 0.528 | -0.529 | 0.899 1.147 | 0.984 | -1.834 | 0.899
21. | 0.867 | -0.456 | -0.870 | -7.666 | 0.848 | -0.498 | -0.870
22. | 0914 0 -1.882 0 0 0.978 | -1.882
23. 1.057 0 -2.146 0 0 0 -2.146
24. 1.334 | -2.003 | -4.405 | -4.994 | 3.725 | 2.148 | -4.405
25. 1.633 | -3.110 | -7.416 | 6.737 | 5.784 | 4.487 | -7.416
26. | 2.528 0 -3.976 0 0 0 -3.976
27. | 4.275 0 -3.149 0 0 -3.229 | -3.149
28. || 4.893 0 -1.836 0 0 -5.256 | -1.836

Table C.2: Charge and current mean values in the XXZ model for A = 1/e and L = 6, corresponding to the eigenstates
listed in Table C.1.



C.1. XXZ MODEL

140

L M ho A |
1. 0.6165 -0.2515 0.1193
2. 1.446 0.3559 -0.02927
3. -0.7611 0.6998 0.1649
4. 1.571 0.3907 -0.3907
5. 0.3085 -0.03205
6. 0.2474 + 0.6585 1 0.09582 0.2474 - 0.6585 1
7. 0.3457 -0.3457
8. -0.9404 - 0.62811 | -0.9404 + 0.6281 i 0.05295
9. 0.7628 -0.07524
10. || -0.4062 + 0.6588 1 0.2798 -0.4062 - 0.6588 i
11. 0.7062 0.2207
12. 0.795 - 0.6407 1 0.795 + 0.6407 i 0.3019
13. 1.514 - 0.7277 i 1.514 + 0.7277 i 0.1589
14. -1.062 - 0.6138 i -1.062 + 0.6138 1 0.4153
15. 1.531 0.1447
16. || 0.007529 + 0.6585 i 0.6182 0.007529 - 0.6585 1
17. -0.8217 0.3979
18. 1.336 - 0.7323 1 1.336 + 0.7323 i 0.5941
19. 0.8267 -0.5637 + 0.66051 | -0.5637 - 0.6605 i
20. 1.43 0.4975
21. 1.389 0.2887 +0.65841 | 0.2887 - 0.6584 i
22. 0.131
23. 1.571-0.4703 i 1.571 1.571 +0.4703 i
24. 0.9179 -0.9179
25. 0.4315
26. 0.1952 + 0.6585 1 0.1952 - 0.6585 i
27. 0.6032 + 0.6595 i 0.6032 - 0.6595 1
28. 0.2181 +1.3181 0.2166 0.2181 - 1.318 1
29. 0.6637 +1.3151 0.6553 0.6637 - 1.3151
30. 1.122 - 1.33 1 1.094 1.122 + 1.33 1
31. -1.571-1.3611 1.571 1.571 + 1.361 i
32. 1.07 - 0.6443 i 1.07 +0.6443 1
33. 1.571-0.683 i 1.571 +0.683 1
34. -0.8756
35. -1.571

Table C.3: Bethe roots in the XXZ model for A =2 and L =. For brevity, whenever two degenerate states are
connected by space or spin reflection, we only kept one of them.
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L [ E 1) [0 [ (0) [ () [ () [ )]

1. || -29.539 | -1.252 | 12.725 | -6.465 | -4.338 | -28.782 | 12.725
2. || -25.677 | -2.721 | 12.737 | 23.120 | -9.425 | -14.317 | 12.737
3. || -24.094 | -2.242 | 2.089 | 48.616 | -7.768 | -29.595 | 2.089
4. || -22.604 0 -2.520 0 0 -31.977 | -2.520
5. || -22.108 | -2.416 | 16.133 | 30.010 | -8.368 | -11.549 | 16.133
6. || -19.625 | -1.619 | 13.416 | 36.958 | -5.609 | -1.883 | 13.416
7. ]| -19.518 0 1.999 0 0 -26.448 | 1.999
8. || -18.800 | -0.067 | 12.217 | 20.539 | -0.232 | -4.351 | 12.217
9. || -18.004 | -0.796 | 9.255 | -30.458 | -2.756 | -9.658 | 9.255
10. || -18.000 | -2.285 | 4.619 | 41.134 | -7.916 | -13.333 | 4.619
11. || -17.464 | -4.480 | 2912 | 47.979 | -15.520 | -14.265 | 2.912
12. || -17.271 | -3.559 | 1.845 | 42.484 | -12.330 | -15.653 | 1.845
13. || -17.064 | -1.992 | 9.098 | 46.495 | -6.901 | -3.165 | 9.098
14. || -15.783 | -2.333 | -2.392 | 26.220 | -8.081 | -18.688 | -2.392
15. || -15.525 | -1.884 | 8.698 | 44.012 | -6.525 | -3.770 | 8.698
16. || -15.178 | -2.353 | -2.126 | 2.539 | -8.146 | -14.752 | -2.120
17. || -15.018 | -1.319 | -4.031 | 32.163 | -4.569 | -21.499 | -4.031
18. || -13.031 | -2.535 | -3.969 | 5.049 | -8.780 | -12.770 | -3.969
19. || -13.017 | -1.060 | -2.839 | -8.543 | -3.671 | -9.469 | -2.839
20. || -12.298 | -2.963 | -4.362 | 12.866 | -10.263 | -12.434 | -4.362
21. | -11.882 | -0.690 | -0.617 | 0.889 | -2.392 | -0.743 | -0.617
22. || -11.604 | -1.678 | 10.833 | 41.804 | -5.814 | -2.913 | 10.833
23. || -10.904 0 -3.370 0 0 -5.985 | -3.370
24. || -10.611 0 -5.880 0 0 -11.512 | -5.880
25. || -8.890 | -2.889 | -1.560 | 22.987 | -10.008 | -11.267 | -1.560
26. || -7.901 | -0.286 | 1.311 2.036 | -0991 | -0.149 | 1.311
27. || -7.204 | -0.568 | 0.207 | 3.403 -1.967 | -0.168 | 0.207
28. || -7.195 | -0.069 | 0.383 | 0.647 | -0.240 | 0.230 | 0.383
29. || -7.056 | -0.178 | 0.082 1.130 | -0.615 | -0.237 | 0.082
30. || -6.787 | -0.178 | -0.304 | 0.042 | -0.616 | -0.494 | -0.304
31. || -6.491 0 -0.269 0 0 0.628 | -0.269
32. || -6.478 | -0.461 | -0.871 | 0.341 -1.596 | -1.173 | -0.871
33. || -5.872 0 -0.738 0 0 0.626 | -0.738
34. || -5.506 | 1.435 | -3.114 | 4.112 4971 -4.488 | -3.114
35. || -4.000 0 -1.540 0 0 0 -1.540

Table C.4: Charge and current mean values in the XXZ model for A =2 and L =1, corresponding to the eigenstates
listed in Table C.3.
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The exact diagonalization works in the same way for the XYZ model as for the XXZ. However, the method
used to obtain the Bethe roots breaks down: since in the case of the XYZ model, the Q function is built up
from elliptic and not trigonometric/hyperbolic functions, there is no such variable for which a polynomial
equation could be written. Because of this, we used Newton’s method to obtain the Bethe roots.

Numerical solutions to the Bethe equations for the XYZ model were considered previously in [71], in
the framework of the so called Off-Diagonal Bethe Ansatz. However, to the best of our knowledge, in that
paper the explicit values of the Bethe roots were only given for a special choice of 1), which satisfies the
constraint (3.87). Our result works for that special choice as well, but here we consider the general case.
Therefore, we solved the Bethe equations (3.83) numerically (with 8 = 0), for randomly chosen parameters
of the model, and calculated the charge and current mean values according to the generalized Bethe Ansatz
solution and our main result. These results agreed with the ones obtained from the exact diagonalization
with high numerical precision. It is important to note that the current operators (B.6) are defined by the
continuity equation only up to a free constant term. However, the current generating function (5.7) (and
consequently our main result) is well-defined. As a result, the current mean values obtained from exact
diagonalization may differ by a constant from the ones calculated by (5.1). We disregarded these constant
terms, and in the tables below, displayed the results calculated according to (5.1). Unfortunately, solving the
Bethe equations numerically for the whole spectrum proved to be a difficult task, and we were only able to
obtain the Bethe roots for a subset of the eigenstates of the Hamiltonian. Nevertheless, in the cases found,
the current mean values agreed with our main result.

In Tables C.5-C.8, we present the numerical results for chain lengths L = 4 and L = 6 with different

parameters of the Hamiltonian.

H M A
1. || -0.461 +2.693i | -0.461-2.693 i
2. -0.461 1.11
3. 1.11-2.597i | -0.461 +2.5971i
4.1 -0.461-2597i | 1.11+2.597i
5.1 0.2075-1.479i | -1.129+ 1479 i
6. 1.11+1.479i | -0.461-1.4791
7. 1.11-2.406 i 1.11+2.406 i

Table C.5: Bethe roots in the XYZ model for n = 0.922, g =2.70 x 1073 and L = 4.
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Table C.6: Charge and current mean values in the XYZ mdoel for 1 = 0.922, ¢ =2.70 x 1073 and L = 4.

L [ B 1005 [ €0s) [ () [ () [ (B) |
] -5952] 0 0 0 |749 | 0
2 3034 0 [3824] 0 0 | -95%6
3. [ -1.538 | 6277 | -9391 | -1.569 | 2348 | 2.348
4| -1538 | 6277 | 9391 | 1560 | 2348 | 2.348
5 0116 0 0 0 |-0144| 0
6. | 0041 0 |-0661 0 0 | 0.165
7. 1456 | 0 0 0 |-0312] 0

L1 M 2o | 2 |
1. | -0.3102 + 0.1242 i 1.261 + 0.2323 i -0.3102 - 0.3565 i
2. -0.3102 -1.027 - 1.969 i 0.4069 + 1.969 i
3. -0.3102 - 1.969 i -0.3102 1.261 + 1.969 i
4. 1.261 + 0.6368 i 1.261 - 0.6368 i -0.3102
5. 0.4093 - 2.063 i -1.03+1.875i -0.3102 + 0.1875 i
6. -1.03-1.875i -0.3102 +3.75 i 0.4093 - 1.875i
7. -3.452 +4.125 i -3.452-2.06 i 1.261 - 2.065 i
8. -0.3102 + 2.06 i 1.261-1.873 i -0.3102-0.1872 i
9. | -0.3102-0.1711i 1.261 - 0.5394 i 1.261 +0.7105 i
10. 1.261 +3.227 i -0.3102 - 3.767 i 1.261 +0.5394 i
11. 1.261 - 0.5463 i -0.6228 + 0.2731i | 0.002408 + 0.2731 i
12. || -0.6228 - 0.2731 ¢ | 0.002408 - 0.2731 i 1.261 + 0.5463 i
13. || -0.3102 + 0.6256i | 0.4476 + 1.656 i -1.068 - 2.282 i
14. -1.068 - 1.656 i 0.4476 +2.282 i -0.3102 - 0.6256 i
15. || -0.3102-0.6307¢ | -0.3102-1.634; 1.261 +2.265 i
16. 1.261 +1.6731 -0.3102 - 2.304 i -0.3102 + 0.6307 i
17. | -0.3102 + 0.4694 i 1.261 +3.133 1.261 - 3.603 i
18. 1.261 + 0.8047 i -0.3102 - 0.4694 i 1.261-0.3353 §
19. || 0.3602 + 1.969 i 1.261 -0.9806 - 1.969 i
20. || -0.3102-1.969 i 1.261 1.261 + 1.969 i
21. 1.261-0.939 i 1.261-2.999 i 1.261 +3.938 i

Table C.7: Bethe roots in the XYZ model for n = 0.620, g = 3.80 x 10~* and L = 6.
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L I E [ €0 [ Q) | O5) [ (h) [ ) [ (B |
1. || -7.323 | -3.208 | 11.558 | 1024.882 | 0.535 | 10.821 | -1.926
2. || -6.260 0 133.886 0 0 -0.022 | -22.314
3. || -6.246 0 133.802 0 0 0 -22.300
4. | -5.385 0 133.987 0 0 -0.214 | -22.331
5. || -4.535 | -13.460 | -5.165 | 571976 | 2.243 | 6.685 | 0.861
6. || -4.535 | 13.460 | -5.165 | -571.976 | -2.243 | 6.685 | 0.861
7. || -4.528 | -13.468 | -5.054 | 574.289 | 2.245 | 6.678 | 0.842
8. || -4.528 | 13.468 | -5.054 | -574.289 | -2.245 | 6.678 | 0.842
9. || -3.870 | 13.460 | 5.165 | -686.283 | -2.243 | 5.727 | -0.861
10. || -3.870 | -13.460 | 5.165 686.283 | 2.243 | 5.727 | -0.861
11. || -1.741 | -3.154 8.965 134.472 | 0.526 | -0.400 | -1.494
12. || -1.741 | 3.154 8.965 | -134.472 | -0.526 | -0.400 | -1.494
13. || -1.085 | -3.189 | -11.482 | -48.155 | 0.531 | 1.584 1.914
14. || -1.085 | 3.189 | -11.482 | 48.155 | -0.531 | 1.584 1.914
15. | -1.083 | 3.208 | -11.558 | 48.281 | -0.535 | 1.591 1.926
16. || -1.083 | -3.208 | -11.558 | -48.281 | 0.535 | 1.591 1.926
17. | -0.848 | -5.843 | -22.634 | -88.228 | 0.974 | 2.491 3.772
18. || -0.848 | 5.843 | -22.634 | 88.228 | -0.974 | 2.491 3.772
19. || 0.607 0 -1.487 0 0 -0.020 | 0.248
20. || 0.637 0 -1.499 0 0 0 0.250
21. || 1.214 0 -0.524 0 0 -0.132 | 0.087

Table C.8:

Charge and current mean values in the XYZ model for 1 = 0.620, ¢ = 3.80 x 10™* and L = 6.



Appendix D

Elliptic functions

Here we present the definitions of the elliptic theta functions and a list of their properties, which are used in

the main text. For more details on them, see [188]. The theta functions can be defined as infinite sums:

u q):_i i (_1)n n+1/2 i(2n+1)u i n+1 (n— l/z)zsin((2n—1)u),

n=—oo

i qn+1/2 i(2n+1)u qun 1/2)? Cos((2n—1)u),

n=—oo0

% (u,q) = Z q" e‘z’“‘—1+22q cos (2nu),

n—=—oo

D.1)

%(u,q)= Y (—1)q 3 ’2””—14—22 )" cos (2nu).

n—-—oo

Here q is the nome of the functions (|g| < 1). The notation 9¥;(u|7), (j € {1,2,3,4}) is also used, where
7 (Im7 > 0) is called the parameter of the function, and is related to g as ¢ = ¢"**. For brevity, we do not
denote either g or 7, and simply use the notation 9%;(u). From (D.1) it is obvious that ¥ (u) is odd, while
B (u), O3(u) and O4(u) are even functions of u. The theta functions are quasiperiodic functions with periods

mand wT:
S+ T) = -1 (), O (utmT) = —;e_Zi”ﬁl (),
Oa(u-tm) = ~0a(w). Dalut ) = e ), (D2)
Ot =020, Oalut ) = e (),

1 .
O+ 1) = 4(u), B(u+77) = —gﬁmm(u).
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The theta functions also satisfy addition theorems, which are used throughout the main text:

B (1)1 (V) (W) 1 (u+v+w) + O (u) B4 (v) s (W) 4 (u+v+w) =
= %(0) 04 (u+v) O (u+w)H(v+w),

B (u) 01 (V) 4 (W) 04 (e +v+w) + 4 (1) 4 (V) (W) 01 (u+v+w) = (D.3)
= %(0) 04 (u+v) (u+w)% (v+w),

D —v)(u+v)—Hu+v)h(u—v)= 20 (V)l;’:((ob;)g((ou)) Ba(v) .




Appendix E

Matrix Product States and the iTEBD
algorithm

Numerically simulating interacting quantum many-body systems in and out-of-equilibrium on a classical
computer is a difficult problem. The dimension of the Hilbert space scales exponentially with the system
size. As a result, the exact diagonalization of the Hamiltonian becomes basically impossible above a couple
dozens of sites. However, there are some powerful tools that allow one to efficiently approximate quantum
states and time-evolution in order to treat systems with larger sizes, or in some cases even in the thermody-
namic limit. Here, we review one such method applicable to one-dimensional models, the so-called infinite
Time Evolving Block Decimation iTEBD) algorithm, which is based on the Matrix Product State (MPS)
representation of quantum states. The iTEBD algorithm was used to obtain the numerical results in Chapter
7. Our overview presented in this appendix follows closely that of [159]. For another detailed treatise on

the topic, we refer to [189].

E.1 Arealaw

As it was mentioned above, the dimension of the Hilbert space of a quantum many-body system scales
exponentially with the size of the system. Consequently, it requires exponentially many coefficients to
exactly describe states in some complete basis. In a system consisting of N sites (for the time being, we
do not specify the spatial dimension), with some local Hilbert space of dimension d at each site, a generic

quantum state can be written as

d d d
W)=Y Y X cinivlini.in), (E.1)

ii=lir=1  iy=I

where the sums run over the local basis states i; = 1,...,d. The collection of coefficients, ¢;, ;, ... ;, consists

of d¥ numerical values. One can think of Ci in,...,iy @S @ rank-N tensor, and can graphically represent it
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Cil,ig,...,iN M MBL o prie=20 g1 p Iz

MU
X1 X1 X2 X2 X‘S .XL.—S L—2XL-2 L—1 X L—1
d d d d d d d d d
1 2 3 N 1 —

N-2 N—1 2 3 L—2 L—1 L
(a) (b)

Figure E.1: (a) Graphical representation of the state (E.1) as a rank-N tensor. (b) Graphical representation of the
generic MPS (E.6): The M-s are three-legged objects, with one physical and two virtual legs. The number of different
values each leg can assume are denoted. Connected legs represent tensor contractions, i.e. summations over the
appropriate indices. Based on a similar illustration in Ref. [159].

as in Fig. E.1 (this kind of graphical notation will be very useful in what follows). Unfortunately, the
representation of a quantum state as in (E.1) is usually not efficient and technically unattainable for larger
sizes.

The problem arising from the exponential growth of the Hilbert space dimension, however, can be dealt
with. As it turns out, in a lot of physically relevant situations, only a small fraction of the whole Hilbert
space plays a significant role, while the rest can be neglected. The corner of the Hilbert space that contains
the important states, can be characterized by investigating the behavior of entanglement entropy. To define
this quantity, we divide the system into to parts labeled by A and B. Given that the whole system is in a
pure state | ), a reduced density matrix describing part A can be introduced, by tracing over the degrees of

freedom in part B:
pa = Trp([w)(w]). (E2)

The bipartite entanglement entropy is then defined as the von Neumann entropy of py:

S = —Tr(palogpa). (E.3)

Another way of defining the same entanglement entropy is to perform a Schmidt decomposition. In this

method, the pure state |y) of the whole system is written as a sum of product states
W) =Y Aaloa) @a), (E4)
o

where ‘(XA /B> form an orthonormal basis in subsystem A /B, and A, > 0 are the so-called Schmidt values.
For normalized states, we have Y, A2 = 1. In terms of this decomposition, the entanglement entropy is
given by
S=-Y AzlogAg, (E.5)
o

which is equivalent to (E.3).
It can be shown that for a ,,typical” (or randomly chosen) state in the Hilbert space, the entanglement

entropy (E.3) scales with the volume of the subsystems [190]. In particular, for a system of size N with local
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Hilbert space dimension d, the entanglement entropy behaves like S(N) ~ N /2logd, when divided to equal
halves. States satisfying this type of scaling are said to follow the so-called volume law.

In contrast, the ground states and low-energy states of local, gapped Hamiltonians follow instead an area
law [191, ]. This means that in these states, the entanglement entropy is proportional to the boundary
between the subsystems. In one dimension, this implies that S(N) ~ const. for sufficiently large N (§ <N,
where & is the correlation length). This behavior is quite intuitive from a physical point of view: since the
interaction in the system is local, only degrees of freedom close to each other along the boundary (within
the correlation length &) can get entangled. Therefore, when simulating many-body systems with local
Hamiltonians, it is often sufficient to consider area law states, which comprise only an exponentially small
corner of the whole Hilbert space. Fortunately, these states can be described much more efficiently than in
(E.1) with the help of Tensor Network States (TNS), or in the special case of one spatial dimension, with
Matrix Product States.

E.2 Matrix Product States

Tensor Network States are a special way of representing quantum states. Since in the present thesis, we are
interested in one-dimensional systems, we will focus only on the 1d example of TNS, the so-called Matrix
Product States. For generalizations to higher spatial dimensions, we refer to [189].

For a one-dimensional chain of length L, with local Hilbert space dimension d and open boundary

condition, an MPS is written in the following form:
d d d , . ‘
y)y=Y Y - ¥ Myl iy iy, i, (E.6)
i1=1i=1 ir=1

where the sums still run over the local basis states, and the M["in-s are Xn—1 X Xn matrices, with the y,-s
being the so-called bond dimensions. One can think of the M-s as rank-3 tensors, graphically represented as
three-legged objects (see Fig. E.1), with one physical leg (in (E.6) denoted by i,,) that can assume d different
values, and two virtual legs with values ranging from 1 to ¥,,_; or x,. The matrices at the boundary (n = 1
and n = L) are actually vectors, meaning Yo = ¥z = 1, so that the final result of the matrix product in (E.6)
is a scalar. The superscript [n] is included, because in a general state, different sets of matrices are required
for the different sites of the chain. We note that MPS with periodic boundary condition can also be defined,
by taking the trace of the matrix product in (E.6), instead of requiring the matrices at the end of the chain to
be vectors. Since we are ultimately interested in the thermodynamic limit, the boundary condition does not
really matter, and for simplicity we stick to the open case.

The MPS are dense in the Hilbert space, meaning that every quantum state can be represented as in (E.6),
by choosing sufficiently large bond dimensions. To illustrate this, one can actually start from a generic state
(E.1) and transform it to the form (E.6) by successively applying Schmidt decompositions between the sites

of the chain. For the details of this procedure, see [159]. The problem for generic states is that the bond
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dimensions grow exponentially with the system size. However, for low entangled area law states, we can
make a good approximation by restricting the maximal bond dimension at some fixed value ). It can be
shown that in this case the entanglement entropy behaves like S ~ O(log(y)), which is just the area law, if
x is fixed. In other words, MPS with fixed bond dimensions represent exactly that part of the whole Hilbert
space that is most relevant for the simulation of many-body systems with local Hamiltonians.

E.2.1 Canonical form

The MPS state (E.6) is not unique: given a set of invertable, ¥, X ¥, matrices X, (n = 1,...,L), the trans-
formed matrices
M@ = X, pliny -1 (E.7)

reproduce the same state as the original M ("l_s. This freedom gives the opportunity to introduce the so-called
canonical form of an MPS, which possesses useful properties.

Without loss of generality, we can rewrite the state (E.6) as

d d d
y)y=Y Y .- Y rUn AN R AR AP gy Gy ), (E.8)

i1=li;=1 ir=1

where the Al"-s are positive real valued, diagonal square matrices and the I'"n-s are matrices of sizes
Xn—1 X Xn- The original M s are then given by M lin = Aln=1llin - (To keep the notation general, one

can introduce the matrix A =

1 at the boundary.)
The representation (E.8) can be used to define the canonical form. Any bond between any two sites splits

the system into two halves and gives a bipartition. One can then obtain left and right states [a.)y, , ;) and

,,,,, ]
|og) 12,01 by multiplying together the appropriate matrices on the left and on the right of the chosen

bond, respectively, so that the whole state takes the form:

Xn
W)=Y A 1 @ OB 1 i) - (E.9)
o=1

We say that the MPS (E.8) is in canonical form, if for every bond n, the decomposition (E.9) obtained
from (E.8) is the Schmidt decomposition corresponding to that bond. This means that for every bond
2
<O‘L\O‘i>[1,z,...,n] = 8oy 0 <O‘R|O‘1/?>[n+1,n+2,.-.,L} = g, and Zéﬂ:l (Agl]> =1
Every MPS can be transformed into canonical form, which has the advantage that the expectation values

of local operators are evaluated by contracting tensors only locally. This is best seen from Fig. E.2.

E.2.2 Infinite MPS

Generally, the matrices M 7lin (or equivalently Al and 0y can differ from each other for the different

sites n of the chain. This fact limits the maximal system size for which a MPS representation is technically
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IHI:I: CHD
Figure E.2: Calculating the expectation value of a local operator O. The orange circles represent the A matrices,
while the triangles pointing downwards/upwards the I tensors and their adjoints, respectively. The local operator O
acting on two neighboring sites is denoted by the blue rectangle. Due to the MPS being in canonical form, states on the

left and right of the operator are orthogonal, simplifying the computation. As a result, only local tensor contractions
have to be evaluated. Based on a similar illustration in Ref. [193].

applicable, since for every site a separate set of matrices has to be stored. However, by assuming translational
invariance, one can consider states even in the thermodynamic limit and obtain results free of any finite size
effect. To describe states that are invariant under translations by [ sites (I € N), only [ different sets of
matrices are needed. For example, in the case of / = 2 (illustrated in Fig. E.3), only two sets of I" and two

A matrices are necessary. Denoting these by I'*, I'8, A4 and A2, we can write:

F[Zn]i — FA’i, 1"[2’1+1]i — FB'/i’ (EIO)
Al — A4 AR = AB (E.11)

for every n € Z. As an explicit example, we give here the matrices corresponding to the state of spin-1/2-s

polarized in the x-direction:
1)+ [
X) =) < : (E.12)
Jjez V2
which is used in Chapter 7 as an initial state for quantum quenches. This is a trivial example, since it is

a product state and has a one-site unit cell, therefore only requires one set of matrices both for I" and A.

Moreover, these matrices are actually scalars:
r'=— r'=— A=1. (E.13)

Other, more complicated explicit examples with bigger unit cells can be found in [159, 189].
To define the canonical form for infinite MPS, one needs to introduce the left and right transfer matrices

as
Toorpp = ZAaAa/ sl (E.14)
and

Toorpp = ZFaBF 5 AB AR (E.15)

where ( .) denotes complex conjugation, and for simplicity we assumed a state with a one-site unit cell. In

terms of the transfer matrices, the constraint of canonical form becomes the following: an infinite MPS is
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in canonical form, if its left (right) transfer matrix has a dominant left (right) eigenvector Sy (5[37 ) with
eigenvalue 1. Again, the advantage of the canonical form is that it allows the calculation of local expectation

values by contracting tensors only locally.

E.3 Matrix Product Operators

The formalism of Matrix Product States can be extended to the space of operators as well. An operator
acting on a one-dimensional chain of length L, with local Hilbert space dimension d and open boundary

condition is written in Matrix Product Operator (MPO) form as

d
1]i, 4 2lin i Lli; 1, .. . g .
0= Z vy MWni Rt i VR|11,12,...,1L><11,l2,...,1L , (E.16)
iigseesip =1
01,0y, 00 =1

where the sums run over the local basis states, the M"-s are rank-4 tensors with two physical and two virtual
legs and vy /g are vectors, so the result of the matrix multiplication in (E.16) is a scalar.
In the case of periodic boundary condition, one can rewrite (E.16) in a form familiar from the definition

of the transfer matrix (3.32) of an integrable system:
O :Tra[ﬁa,L[,a,L,l,...,Eaﬂ. (E17)

Here L, is a local tensor that acts on the tensor product space of the local Hilbert space C¢ (correspond-
ing to the physical legs of M) and an auxiliary space (corresponding to the virtual legs of M), whose
dimension is given by the bond dimension. The trace implements the periodic boundary condition.

Similarly to MPS, MPOs also satisfy an area law: their operator space entanglement entropy is bounded
from above by a constant, 21log y, with ) being the bond dimension.

MPOs provide a useful representation of operators for several reasons. First, their action on a MPS can
be evaluated easily. Together with the fact that local, short range Hamiltonians can be expressed as MPOs
with fixed, small bond dimensions (for explicit examples, see [159]) this provides the foundation behind the
widely used Density Matrix Renormalization Group (DMRG) method. An introduction to this technique
can be found in [159], while for more details, see [194].

From our point of view, it is also important that the symmetry operators responsible for the Hilbert space
fragmentation in the family of models studied in Chapter 7 can be obtained as MPOs with some small and

fixed bond dimension.

E.4 The iTEBD algorithm

The infinite Time Evolving Block Decimation algorithm, originally introduced in [157, ] provides an

efficient numerical technique to simulate the time-evolution of one-dimensional, translationally invariant
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pA A pB AP pa A pB AB pa A4

Y

Figure E.3: Graphical depiction of the brick-work type time-evolution implemented by (E.21). Based on a similar
illustration in Ref. [159].

quantum systems in the thermodynamic limit. The method is based on the infinite MPS representation of
quantum states and uses the Suzuki-Trotter decomposition of the time-evolution operator. It can be used

both in real and imaginary time to evaluate the time-evolution of a quantum state:

lw(t)) =U(t)|y(0)), (E.18)

where U (¢) is the time-evolution operator, in real time given by U () = exp(—itH ), while in imaginary time
by U(t) = exp(—tH), with H being the Hamiltonian. The latter can be used to obtain the ground state of
the system in question. The fact that in this case U is not unitary has some implications, but here we will
focus only on the case of real time.

To numerically calculate (E.18), the algorithm utilizes the Suzuki-Trotter decomposition, which approx-
imates the exponent of a sum of (non-commuting) operators by the product of the exponents of the individual

operators. In first order, this decomposition reads as:
eFH0)8 — oF5,65 L 0(§2). (E.19)

Higher order expansions are possible, however our numerical results presented in Chapter 7 were obtained
by using (E.19). To make use of the Suzuki-Trotter decomposition, we assume that the Hamiltonian in
question describes nearest neighbor interaction and write it as a sum of two terms, containing only the

contributions of odd/even sites:

H = Heven + Hoaa = Z h2n,2n+l + Z h2n71,2n- (EZO)
nez nez

The operator generating real time-evolution by &¢ is then approximated by

U(6t) ~

H U2n—1,2n(6t)] , (E.21)

nez

[T V202011 (5t)]

nez

with
Upni1(81) = e 0hnnst, (E.22)
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As a result of the decomposition of the time-evolution operator in (E.21), one needs to represent the quantum
state of the system as an MPS with a 2-site unit cell, even if the initial state has full translational invariance.
The operator U (0t) then implements a brick-work type time-evolution on this MPS, graphically represented
in Fig. E.3.

The main part of the algorithm is the update of the local tensors I'4, I'? and A4, A® by the local
time-evolution operator (E.22). This can be achieved in four steps, depicted in Fig. E.4.

We focus on an AB bond, since the inequivalent BA bonds are updated similarly, by exchanging the
roles of the A and B tensors. As a first step, we obtain the wave function in the basis given by the left and

right states o) 1> corresponding to the segments [1,2,...,n— 1] and [n+2,n+

7777

.....

3,...,L], and the one-site basis states |j,) and |ky,1):

v =) @gl];”aL>[1,27...,n—l] ) [Kn 1) 1YR) pps 243,01 5 (E.23)
aL:jvkvyR

where the coefficient @é]; is given by

. XA .
ol=Y Agrjl;ngl;g"Af. (E.24)
p=1

As a second step, we apply the local time-evolution operator on (E.24):
~ ik d ik ik
Ohy = Z Ul Oy - (E.25)

Once this is done, we want to extract the updated local tensors. So as a third step, we rearrange the tensor

(:)&]; to become a dy4 x d x4 matrix and then apply on this matrix a Single Value Decomposition (SVD):
Ojaikr = ¥ XiapDp Yy (E26)
B

Here D is a diagonal matrix containing the Schmidt values corresponding to the AB bonds, meaning that
A4 =D, while X and Y are isometries. In step four, the updated tensors I'* and I'® are recovered from X
and Y:

(E27)

The procedure described above simultaneously implements the update of all AB bonds. Moreover, the
updated tensors are still in canonical form. The downside is that due to the time-evolution, entanglement
entropy increases and the bond dimension at the updated bond becomes dys. Repeated application of

the update rules therefore leads to an exponential growth in the bond dimension. To prevent this, we can
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Figure E.4: Graphical representation of the iTEBD algorithm for nearest neighbor interaction: (1) The wave function
O is obtained by multiplying together the appropriate matrices. (2) The wave function is updated by the time-evolution
operator U. (3) Single Value Decomposition is applied on the state to obtain the updated Schmidt values at the middle

bond. (4) The updated tensors I'* and I'® are recovered after multiplication by (AB ) ! Based on a similar illustration
in Ref. [159].

approximate the state of the system by keeping only a fixed number of Schmidt states after performing the
SVD. This means that at each time step, we order the Schmidt values decreasingly, and truncate the sum in
(E.26) after a fixed number () of terms. To keep the whole state normalized, we also need to renormalize
A, so that the constraint Zgzl(ﬁa)z =1 is fulfilled. The computational memory and time costs of the
algorithm are of order O(dy?) and O(d*x?), respectively.

So far, we only discussed the case of a Hamiltonian with nearest neighbor interaction. However, the
models treated in Chapter 7 have longer range interactions. The extension of the iTEBD method to these
systems is rather trivial. For a system with interaction range /, one only needs to use an infinite MPS with an
[-site unit cell and write the time-evolution operator as a product of / terms, with the sites not being grouped
together modulo 2, but modulo /. The steps depicted in Fig. E.4 then get modified accordingly. The biggest
change is that in this case, in Step 3 not one, but / — 1 consecutive SVDs have to be performed, which leads
to a substantial slow-down.

It is worth mentioning that the algorithm presented above is the simplest version of iTEBD. The method
can be significantly sped up by taking into account the symmetries of the investigated model. For details on
how global (Abelian) symmetries can be incorporated, see [195, 196].

We also note that there is a Python library called TenPy [ 193] available to implement simulations based
on TNS. We, however, did not work with this library, instead used the example code presented in [159] and

modified it to our purposes.
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